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SECTION 1 
SUMMARY 
One untoughened (baseline) MY720-base epoxy system and three 
toughened epoxy matrix systems were chosen for this neat resin 
characterization study. The baseline epoxy was Hercules 3502; the 
toughened epoxies were Hercules 2220-1 and 2220-3, and Ciba-Geigy 
Fibredux 914. All resin systems were supplied by NASA-Langley in uncured 
bulk form, and cast into test specimens by the Composite Materials 
Research Group (CMRG) at the University of Wyoming. A i .tailed procedure 
describing the casting techniques is given in Appendix A. An extensive 
mechanical characterization study was completed on the four matrix 
systems at three temperatures, viz, 23OC, 54OC, and 82"C, and two 
moisture contents, viz, dry and moisture-saturated at 74OC. Tensile, 
torsional shear, coefficient of thermal expansion, and coefficient of 
moisture expansion mcasurements were completed for all environmental 
conditions. Summary p l o t s  in bargraph form are presented in Figures 1 
through 3 for tensile and shear moduli, ultimate strengths, and ultimate 
strains, respectively, for both the dry and moisture-saturated 
conditions. 
Young's modulus, E, decreased for all systems after exposure to 
temperature or moisture. As expected, the modulus of the 3502 was either 
the highest or second highest of the four at all environmental 
conditions. The 2220-1 and 2220-3 materials had the lowest stiffness 
properties but the values after environmental exposure dropped at about 
the same rate as 3502 and Fibredux 914. Young's moduli. for all systems 
were very consistent within test groupings. 
a 
c . I I O  
N Q )  
Y .is 8 
.. 3 
U 
I 
0 d 
m 
I
9 
2 
I 
m I I i 
I I t I 
I I I  I # 
I I I I I I I 
U N 0 co 9 U N 0 
4 4 4 
N 
00 
m 
I u o  
InN 
N 
N 
c 
N 
00 
4 
I 
0 
U N  
lnhl 
N 
b s 
N 
00 
:: 
2 
LJ 
Do 
uhl 
In0 
ul 
*7 
2 
3 
R 
cc 
1 
N 
03 
d 
I 
v o  
V I N  
N 
N 
cc cu: 
N 
06 
u v  
lnd 
Q\ 
2 
N 
Qo 
N u o  
lnln m 
2 
4 
Tensile strengths were not very consistent within groupings because 
of the brittle nature of the resins although they reflected the effects 
of environmental preconditioning. The 3502 epoxy exhibited the lowest or 
second lowest strength for all test conditions. The 2220-1 and 2220-3 
systems performed almost equally under all conditions and had the 
highest strengths among the four matrix materials tested. 
Ultimate strain values for the four resins ranged from 0.7 percent 
for the dry 914 system at room temperature to 14.5 percent for the 
2220-1 system at 82'C, dry. All materials showed a trend to higher 
strain-to-failure at elevated temperature under a moisture-saturated 
condition. At any one of the environmental conditions 914 had the lowest 
strain-to-failure, 3502 was next and 2220-3 the highest. 
Poisson's ratio, v ,  was reasonably consistent for all resin systems 
at all test conditions, although the values for the toughened materials 
were slightly higher than those of most untoughened epoxies. It was also 
found that Poisson's ratio increased with moisture absorption to a 
number greater than 0.4. Increasing temperature affected the Poisson's 
ratio of only the moisture-saturated materials. 
Shear modulus, C, was highest in the 3502 epoxy for all conditions 
except moisture saturation, indicating the sensitivity of the mi 5 erial 
to a hot, wet environment. The shear moduli of the 2220-1 and 2220-3 
epoxies were lowest at all exposures except moisture saturation. Under 
hot, wet environments, C values were highest for 2220-3 and 2220-1, 
showing that these two materials had, comparatively, the best moisture 
resistance. Notably, E, G and v values were not consistent with the 
isotropic materials relation given in Equation (1). 
E 
2(1 + v) G .  
J 
I't11s I m p 1  i e s  that thwc epoxy matrlx Hystcmtl are not true isotropic 
materials. 
The 3502 system had the lowest or second lowest shear strength, 
at all environmental conditions except one. No trend for T~~~ at 
the dry ccndition could be identified, proba'dy because the somewhat 
brittle nature of the resins caused high scatter in the data. A definite 
downward trend in shear strength was observed at moisture saturatron 
compared with values measured under dry conditions. The 2220-1 and 
2220-3 resins had the highest strengths observed. The Fibredux 914 
uit f 
exhibited the largest drop in shear strength of all four systems, for 
all temperature and moisture conditions. 
Ultimate shear strain, yult, values were five to s i x  times larger 
than ultimate tensile strain, cult, values. Valuesfor yult of over 10 
percent were common for the 2220-1 and 2220-3 resin, while less than 7 
percent shear strain was exhibited by both the 3502 and 914 materials. 
Coefficients of thermal expansion, a, were measured at both dry and 
moisture-saturated conditions from 23°C t o  93°C. The values were fairly 
linear over this temperature range, but tended to be higher for 
moisture-saturated specimens than for dry specimens. 
Coefficients of moisture expansion, 6, were measured for all four 
epoxies, from dry to saturated conditions at 6 5 O C ,  at three relative 
humidity levels, viz, 50, 75, and 98 percent. Values of 8 were 
scattered, but the averages were close to previously measured values for 
other epoxy systems [4). The equilibrium moi-ture content was different 
for a l l  four resins. ranging from 3.8 percent in 2220-1 to 7.0 percent 
in 214. The equilibrium moisture level for 3502 was 5.0  percent. 
The fracture surfaces of the four matrix systems were stuoled by 
6 
scanning electron microscopy (SEM). Fracture initiation sites and 
surrounding areas were photographed and compared to determine 
differences in fracture modes between systems. In many cases, the 
initiation site is believed to be either a small void area or an 
insoluble impurity introduced during resin manufacture. 
Material properties generated in this program for the four epoxy 
systems along with Herculzs AS4 fiber data taken from the literature 
were used to perform micromechanics predictions of composite properties. 
Unidirectional composite stiffnesses in the axial, transverse, and 
longitudinal shear directions were predicted for each graphi te/epoxy 
material. Experimental composites data will be provided at a later date 
and correlated with the analytical predictions. 
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SECTION 2 
INTRODUCTION 
Detailed s t u d i e s  of the mechanical behavior of unreinforced polymer 
matrix systems have been underway wi th in  the Composite Materials 
Research Group (CMRG) a t  the  University of Wyoming for over six years. 
The i n i t i a l  work w a s  performed us ing  Hercules 3501-6 epoxy which is a 
common matrix used in many appl ica t ions  in t h e  aerospace industry. These 
charac te r iza t ion  s t u d i e s  w e r e  begun t o  provide materials property data 
f o r  use i n  the  micromechanical analyses concurrently being developed by 
t he  Composite Materials Research Group [l-41. 
Polymer matrix p rope r t i e s  are not  easily measured. Based on pas t  
experience within CMRC, neat r e s i n  specimens can be r ead i ly  cast i n  the  
necessary shapes and q u a n t i t i e s  to  f u l l y  charac te - ize  many d i f f e r e n t  
neat r e s i n  s y s t e m s ,  e.g., Hercules 3501-6, 4001, F i b e r i t e  930 and 934, 
Hexcel F178, and S h e l l  Epon 9101. 
Four systems were chosen f o r  t h i s  f i r s t -yea r  e f f o r t ,  e.g., Hercules 
3502, 2220-1, and 2220-3, a.rd Ciba Geigy Fibredux 914. These were 
se lec ted  because they are being used as matrix materials i n  cinnposites 
under evaluation i n  the  Ai rc ra f t  Energy Efficiency (ACEE) Program and a 
comprehensive study w a s  needed t o  fu l l**  eva lua te  them. During t h i s  study 
tension and tors iona l  shear t e s t i n g  w a s  completed, as w e l l  as 
measurements of the coe f f i c i en t s  of thermal expansion and moisture 
expansion. An in-depth examination of t he  f r a c t u r e  sur faces  w a s  
performed using a scanning e l ec t ron  microscope (SEM) t o  ca ta log  &<if 
explain the f a i l u r e  morphology. These p rope r t i e s  were used i n  CMRG's 
micromechanics computer program t o  p red ic t  composite p rope r t i e s  as a 
function of temperature and moisture. 

SECTION 3 
EXPERIMENTAL RESULTS 
3.1 In t roduct ion  
A comprehensive test matr ix  w a s  completed f o r  each of t he  fou r  nea t  
epoxy r e s i n  sys tems.  Table 1 i n d i c a t e s  t h e  p a r t i c u l a r  tests performed, 
and t h e  test condi t ions  u t i l i z e d .  S u f f i c i e n t  specimens were fab r i ca t ed  
t o  complete the 67 specimen test mat r ix  f o r  each r e s i n  system. 
The dry test specimens w e r e  s t o r e d  i n  des i cca to r s  t o  ensure they 
remained dry a f t e r  f ab r i ca t ion .  The specimens to  be moisture-saturated 
were suspended a b w e  d i s t i l l e d  water i n  c losed  glass conta iners  placed 
i n  a Tenney Benchmaster environmental chamber a t  74°C. This  allowed t h e  
test specimens t o  reach s a t u r a t i o n  as quickly as possible .  Witness 
specimens were weighed pe r iod ica l ly  t o  determine moisture sa tu ra t ion .  An 
average of t h ree  months w a s  required f o r  t he  shear  rods to  reach 
s a t u r a t i o n ,  and somewhat less f o r  t h e  f l a t  dog bones which were thinner .  
A d e t a i l e d  d iscuss ion  of test methods is included i n  Appendix B of 
Volume 11. S t a t i c  mechanical tests were performed on e i t h e r  an Ins t ron  
Model 1125 electromechanical test machine o r  an MTS Model 810 
servohydraul ic  test machine. A BEMCO environmental chamber xas u t i l i z e d  
f o r  the  e leva ted  temperature tests. 
3.2 Tension T e s t s  
and E. were made on the  four  nea t  epoxy 
r e s i n s  f o r  the six environmental condi t ions  noted i n  Table 1. Complete 
s t r e s s - s t r a i n  curves t o  f a i l u r e  are included i n  Appendix C of Volume ;I. 
The t t r e e  toughened epoxy matrix sys t ems  were compared to the 
base l ine  Hercules 3502 epoxy. Figure 4 shows t he  average t e n s i l e  
s t r eng ths  f o r  the  four  sys tems as a funct ion  of test temperature i n  the  
u l t ’  u l t  Measurements of E, o 
T e s t  Method 
Tension 
( f l a t  dogbone) 
Torsion 
(round dogbone) 
Coef f i c i en t  of Thermal 
( f l a t  bars) 
Expansion (CTE) 
Table 1 
Neat Epoxy Resin T e s t  Matrix 
Coeff ic ien t  of Moisture 
(f lat  squares) 
Expansion (CHE) 
b i s c u r e  Condition T e s t  Temperature ("C) 
82O -5 4 O  -23' - 
Dry 5 5 5 
Moisture-Saturated 5 5 5 
30 total  
Dry 5 5 15 
Moisture-Sa tu ra t ed  5 5 5 
30 total  
2 23O t o  93'C 
Moisture- Sa tura ted  2 23' to  93OC 
4 t o t a l  
50% RH 
75% RH 
98% RH 
6S°C,  Dry to  Sa tu ra t ion  
65'C. Dry to  Sa tu ra t ion  
65OC, Dry to Sa tu ra t ion  
3 t o t a l  
67 t o t a l  
each resin system 
Program To ta l  - 268* Specimens 
*An a d d i t i o n a l  60 specimens were fab r i ca t ed  from eacS r e s i n  for 
notched bend f r a c t u r e  toughness tests. Because of d i f f i c u l t i e s  with the  
test procedure, the data were omitted from t h i s  repor t .  
12 
EPOXY TENSILE STRENGTHS 
0 
Figure 4. Tensile Strengths as a Function of Temperature, 
Dry Conditions. 
13 
dry, as-cast condition. The 3502 epoxy exh ib i t ed  a r e l a t i v e l y  constant 
lau s t r e n g t h  a t  a l l  test temperatures. This  p a r t i c u l a r  res in  is an MY720 
base epoxy and is very b r i t t l e .  This  b r i t t l e  na tu re  lends i t s e l f  t o  a 
highly linear elastic behavior t o  f a i l u r e  and a high notch s e n s i t i v i t y  
*,hich is  manifested i n  increased  scatter i n  u l t ima te  s t r eng ths .  (See 
t a b l e s  i n  Appendix C of Volume XI.) Figures 5 and 6 are photographs of 
t he  gage s e c t i o n s  and show t y p i c a l  tensile f a i l u r e s  f o r  t h e  3502 epoxy. 
A I 1  of t he  dry tensile dogbone f a i l u r e s  exh ib i t ed  a m i s s i n g  t r i a n g u l a r  
c tip a t  the  f a i l u r e  plane. It is thought that t h e  f a i l u r e  i n i t i a t e d  i n  
t h e  f r a c t u r e  p lane  away from th i s  area, an6 propagated toward th i s  area, 
where the  crack s p l i t  i n t o  two major cracks and continued to  propagate 
t o  t he  edge, r e s u l t i n g  i n  t h e  t r i a n g u l a r  ch ip  being s h a t t e r i n g  and 
e j e c t e d  i n  t h e  process. Many f a i l e d  specimens which had been t e s t e d  i n  
the moisture-saturated cond i t ion  exh ib i t ed  t h e  s i n g l e  f r a c t u r e  su r face  
shown i n  Figure 6. 
The Fibredux 914 t e n s i l e  s t r e n g t h s  are very similar to those  of 
3502. Figurc 7 is a photograph of t h e  gage s e c t i o n  of a f a i l e d  specimen 
and shows a t y p i c a l  914 d ry  tensile f a i l u r e .  A por t ion  of t h e  t r i a n g u l a r  
ch ip  which was recovered has  been placed back with t h e  specimen to  
i l l u s t r a t e  the  f a i l u r e  more graphica l ly .  Many small cracks  can be seen  
extending thra..,h t h e  ch ip  and near  t he  f r a c t u r e  area. 
The "e.cules 2220-1 and 2220-3 toughened epoxies had the  h ighes t  
tens3A-e s t r e n g t h s  of t h e  fou r  systems tested. Both showed a n  increase as  
tt., test temperature w a s  increased ,  a response not  exhib i ted  by e i t h e r  
3502 or 014. Figure 8 is a photograph of a t y p i c a l  f a i l u r e  su r face  f o r  
2220-3. Th: c h a r a c t e r i s t i c  t r i a n g u l a r  ch ip  is missing and many small 
cracbs were evident  around t h e  f r a c t u r e  sur face .  Res in  2220-3 behaved i n  
14 
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Figure 7. Typica l  Fai l ed  FibKedfJX 914 Tension Specimen, 23'C, Dry. 
This photograph graphical ly  shows the triangular chip created by 
track propagation across a tensile specimen. 
be seen around the fracture sur face .  
Many small cracks c8. 
I ?  

a similar fashion. 
Figure 9 is a p l o t  of t h e  average t e n s i l e  s t r e n g t h s  as a func t ion  
of temper-ture f o r  t he  fou r  r e s i n s  a f t e r  moisture  sa tu ra t ion .  The 3502 
epoxy exhib i ted  the  lowest tensile s t r e n g t h  a t  a l l  t h r e e  temperatures;  
fu r the r ,  s t r eng ths  decreased as the  test temperature increased. The 
values  f o r  Fibredux 914 were somewhat h igher  than f o r  the  3502 epoxy, 
but  also decreased a t  e leva ted  temperatures. 
Tens i le  s t r e n g t h s  of t he  mois ture-saturated 2220-1 and 2220-3 
epoxies were i d e n t i c a l  and almost double t h a t  of t he  base l ine  3502 
system a t  a l l  test temperatures.  The va lues  f o r  these  two materials 
seemed t o  decrease more r ap id ly  as t h e  test temperature increased,  bu t  
still  remained a t  more than twice the  3502 s t r e n g t h  a t  8 2 O C .  Also, t he  
e f f e c t  of moisture s a t u r a t i o n  i n  decreasing hot lwet  s t r e n g t h s  w a s  mcst 
notable  wi th  the  two 2220 r e s i n s .  
Tens i le  moduli f o r  the fou r  r e s i n  systems under dry condi t ions  as a 
funct ion temperature are shown i n  Figure 10. L i t t l e  temperature e f f e c t  
w a s  observed. The 914 resin had the  h ighes t  modulus, bu t  the  d i f f e rences  
were n o t  g rea t .  I:or example, a t  room temperature, 914 exhib i ted  a 
modulus of 4.02 (;Pa (0 .58  M s i )  and 2220-1 a modulus of 2.96 CPa (0.43 
Msi). 
Figure 11 is a p l o t  of t e n s i l e  moduli f o r  moisture-saturated 
condi t ions as a futiction of temperature. A l l  four  epoxies  displayed a 
l i n e a r  decrease i n  t e n s i l e  modulus as the  temperature was increased.  The 
base l ine  3502 had the h ighes t  va lues  while  t h e  914, 2220-1, and 2220-3 
r e s i n s  had somewhat lower but  almost i d e n t i c a l  Young's moduli over t he  
e n t i r e  temperature range. 
U1tim;ite s t ra ins  fo r  t h e  four  r e s i n  systems, va r i ed  considerably.  
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Saturated Conditions. 
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Figure 12 is  a p l o t  of u l t ima te  s t r a i n  i n  the  dry specimens versus  test 
temperature. The base l ine  3502 had a sharp  increase i n  s t r a i n  a t  82OC, 
bu t  remained below 2 percent.  The 914 system had the  lowest average 
s t ra in- to- fa i lure  (ca. 1 percent) .  The 2220-1 showed a linear increase 
i n  average t e n s i l e  s t r a i n  from 1.4 percent  t o  j u s t  s l i g h t l y  more than 2 
percent  while the  2220-3 showed a much more rap id  increase  with 
temperature. 
Ultimate s t r a i n s  f o r  t h e  moisture-saturated specimens also 
increased as a &unct ion of temperature,  as shown i n  Figure 13, and were 
s i m i l a r  t o  those obtained i n  the  dry specimens. Again, t he  3502 base l ine  
r e s i n  exhib i ted  the  smallest s t r a i n ,  Fibredux 914 w a s  s l i g h t l y  h igher ,  
and the  2220-1 and 2220-3 were much h igher  a t  a l l  temperatures.  
Poisson 's  r a t i o ,  v, was a l s o  measured f o r  a l l  fou r  r e s i n  systems, 
t o r  a l l  test  condi t ions.  Resul ts  are plott1.d i n  Figures 14 and 15. 
The Poisson's r a t i o  of t he  dry specimens appeared t o  be i n s e n s i t i v e  t o  
temperature but  increased percept ive ly  i n  moisture-saturated specimens. 
A l l  the  r e s i n s  exhib i ted  a s l i g h t l y  h igher  va lue  of v o v e r a l l  than 
previously encountered i n  untouqhened epoxies [ 31. Values g r e a t e r  than 
0.4 were common f o r  the  moisture-saturated specimens, whereas va lues  of 
0.32 t o  0.36 would be more common f o r  an  untoughened epoxy [ 31. This  
increase  might be a t t r i b u t e d  t o  the  more thermoplast ic  na ture  of these  
toughened epoxy systems. I t  is  no t  known why the  3502 untoughened epoxy 
exhib i ted  the high v a t  e leva ted  temperature when moisture  sa tu ra t ed .  
3.3 Torsional  Shear Tests 
A l l  t o r s i o n a l  shea r  t e s t i n g  was done i n  an Ins t ron  Mcdel 1125 
universa l  t e s t i n g  machine. A rotometer developed a t  the  Universi ty  of 
Wyoming was used t o  measure shear  s t r a i n s .  A complete desc r ip t ion  of t h e  
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Figure 12. Ultimate Tens i l e  Strains as a Function of Temperature, 
Dry Conditions. 
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Figure 13. Ultimate Tensile Strains as a Function of Temperature, 
Moisture-Saturated Conditions. 
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Figure 14. Poisson's Ratio a s  a Function of Temperature, Dry 
Cond i c ions. 
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Figure 15. Poisson's Ratio as a Function of Temperature, 
Noisture-Saturated Conditions. 
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rotometer and the  shear test method is given i n  Appendix B of Volume 11. 
Shear s t r eng th ,  shear  modulus, and shear  s t ra in- to- fa i lure  were 
measured on a l l  specimens. S t r e s s - s t r a in  curves t u  f a i l u r e  are included 
i n  Appendix C of Volume 11. 
Average shear  s t r eng ths  f o r  t he  four  dry epoxy r e s i n s  are p lo t t e?  
i n  Figure 16. The untoughened base l ine  3502 epoxy had the  lowest shear  
s t rength  a t  room temperature and its ~ t ?  !ngth w a s  r e l a t i v e l y  unaffected 
as test temperature w a s  increased. The shear  s t r e n g t h  of :he ?I4 w a s  t h t  
hipiidst of the  four r e s i n s  a t  room temperature, decreased a t  5G°C, and 
then recovered almost t o  i ts  room temperature value a t  82OC. Strengths 
of the 2220-1 and 2220-3 were r e l a t i v e l y  unaffected by temperature. 
Figure 17 is a photograph of a shear  f a i l u r e  t y p i c a l  of a l l  four  
resins. The cen te r  s e c t i o n  of the  specimen is  missing because the  shear  
f a i l u r e s  s h a t t e r  the  gage s e c t i o n  of the  specimen. The remaining ends 
have been placed c lose  t o  t h e i r  o r i g i n a l  spacing i n  an i n t a c t  specimen. 
A 1 t o  3 cm length of material was fragmented a t  f a i l u r e ,  being reduced 
t o  very small -hips and dus t  by the r e l ease  of energy. 
Figure 18 is a p l o t  of moisture-saturated average shear  s t r eng th  
versus temperature. As with t e n s i l e  s t rengths ,  t he  shear  s t r eng ths  a l s o  
decreased s i g n i f i c a n t l y  under hotlwet conditions. The Hercules 3502 
base l ine  s y s t e m  exhibited the  lowest shear  s t r eng th  a t  room temperature 
and the s t r eng th  seemed r e l a t i v e l y  unaffected by temperature. 
Contrawise, the  shear  s t r eng th  of 914 decreased r&) id ly  a t  54OC and 82OC 
t o  values below a l l  o ther  s y s t e m s .  The 2220-1 and 2220-3 shear  s t r eng ths  
were higher than those of the  o ther  two r e s i n s  a t  all temperatures, 
although the values f o r  2220-1 were less a f f e c t e d  by temperature. 
Figures 19 and 20 are photographs of t y p i c a l  f a i l e d  
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m i s t u r e - s a t u r a t e d  t o r s i o n  specimens of t h e  2220-1 and 914 epoxies 
t e s t e d  a t  82OC. The 2220-1 specimen displayed a g lassy  appearance 
whereas t h e  914 showed the  curved l i n e s  and smooth areas seen i n  m a y  
f a i l e d  moisture-saturated specimens. 
The 2220-3 toughened epoxy f a i l u r e s  appeared to  be very similar t o  
those of t he  22?0-1 epoxy i n  a l l  cases except one. A one-of-a-kind 
f a i l u r e  was observed when t h e  2220-3 w a s  t e s t e d  a t  54OC i n  t he  moisture 
sa tu ra t ed  state. This  f a i l u r e  i l l u s t r a t e s  a poss ib l e  process  by which 
neat epoxy systems propagate f r a c t u r e  l i n e s  which r e s u l t  i n  complete 
s h a t t e r i n g  of t he  gage s e c t i o n  of t he  specimen. A photograph of t h i s  
specimen, Figure 21, shows an i n t e r n a l  s p i r a l  h e l i x  which, had i t  
progressed f u r t h e r ,  would probably have r e s u l t e d  i n  t h e  complete 
d i s i n t e g r a t i o n  of t he  gage sec t ion ,  as w a s  observed i n  a l l  o the r  shea r  
specimen f a i l u r e s .  The s t r e n g t h  of t h i s  specimen was below average, and 
the  shear  s t r a i n - t o - f a i l u r e  was q u i t e  low. A premature f a i l u r e  i n  the  
cen te r  presumably helped preserve t h e  remainder of t h e  specimen. 
The shear  s t r e n g t h s  f o r  a l l  fou r  epoxies averaged h igher  than t h e  
t e n s i l e  s t r eng ths  a t  a l l  but one environmental condition. It is no t  
understood why t h i s  would be the  case s i n c e  the  shea r  f a i l u r e s  were 
tvp ica l ly  elong the  45" ( t e n s i l e )  plane o t  t h e  shear  test specimens. 
Several  explana t ions  are poss ib le .  Some geometry e f f e c t  between t h e  
round and f l a t  specimens may be present.  Also, inhomogeneous d e f e c t s  i n  
the  cured material may cause some of t h e  disagreement. It is poss ib l e  
t h a t  the  most highly s t r e s s e d  ou te r  su r f ace  of t ne  round t o r s i o n  
specimens conta ins  fewer d e f e c t s  than the  bulk material of the  uniformly 
s t r e s s e d  f l a t  t e n s i l e  specimens. A program t o  study the  defect-volume 
e f f e c t  i n  neat resins is being undertaken by the  Composite Materials 
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Research Group t o  he lp  reso lve  some of these  questions.  
Figure 22 is a p l o t  of shea r  moduli versus  temperature f o r  the  dry 
condition. The base l ine  3502 epoxy displayed the  h ighes t  shear  modulus, 
which decreased only s l i g h t l y  as the  test temperatur- das increased. 
This r e s u l t  was expected s i n c e  3502 a l s o  had one of t he  h ighes t  Young's 
moduli. The 2220-3 exh ib i t ed  the  lowest shea r  moduli a t  a l l  
temperatures. The 914 and 2220-1 va lues  were in te rmedia te  and almost 
i d e n t i c a l  over t he  f u l l  test temperature range. 
Shear moduli f o r  t he  moisture-saturJted systems are p l o t t e d  i n  
Figure 23. Data for  914, 2220-1 and 2220-3 were almost i d e n t i c a l  over 
t he  e n t i r e  temperature range. The shear modulus of 3502 decreased more 
rap id ly  than those of t h e  o t h e r  t h r e e  systems, which were r e l a t i v e l y  
i n s e n s i t i v e  t o  temperature. 
Ultimate shea r  s t r a i n s  f o r  t he  dry nea t  epoxies were measured us ing  
the  rotometer, and p l o t s  o f  s t r a i n s  e rsus  temperature are g iver  i n  
Figure 24. The increase  i n  s t r a i n  with temperature was f a i r l y  small in 
the. 3502 and 914 epoxies,  but much l a r g e r  (a three-fold inc rease )  with 
both 2220 materials. This dramatic increase  i n  shea r  s t r a i n  i s  one of 
the most v iv id  changes i n  material behavior measured i n  t h i s  study. 
Shear s t r a i n s  f o r  moisture-saturated epoxies are p l o t t e d  i n  Figure 
25. The values Zor 3502 and 914 epoxies were similar t o  t h e i r  average 
dry values.  This i n d i c a t e s  t h a t  moisture has  l i t t l e  a f f e c t  on the  shear  
s t r a i n  f o r  these  two systems. A comparison of Figures 24 and 25 
i nd ica t e s  t h a t  the same is not t r u e  f o r  the 2220-1 and 2220-3 nea t  
epoxies. Shear s t ra ins  a t  room temperature f o r  dry and 
moisture-saturated 2220-1 specimens were q u i t e  s i m i l a r .  However, the  
s t r a i n s  of wet specimens drop somewhat a t  82'C while those of dry 
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specimens increase  dramatically.  I n t e r e s t i n g l y  the 2220-3 y i e l d s  t o  a 
g r e a t e r  e x t e n t  than t h e  o t h e r  r e s i n s  when moisture-saturated.  Its shear  
s t r a i n  a t  the  23OC temperature doubles from dry  t o  w e t  condi t ions ,  and 
remains high a t  t h e  o the r  two test  temperatures. Its yult a t  82°C is the  
same f o r  both t h e  dry  and w e t  condi t ions .  
The large d i f f e r e n c e s  between u l t ima te  t e n s i l e  s t r a i n  and u l t ima te  
shear  s t r a i n  w i l l  be noted. Ultimate shea r  s t r a i n  (5-15 percent )  is 
s i g n i f i c a n t l y  h igher  than u l t i m a t e  t e n s i l e  s t r a i n  (1-5 percent ) .  This  is 
apparently a s soc ia t ed  wi th  t h e  h ighly  nonl inear  behavior i n  shea r  
t y p i c a l l y  exh ib i t ed  by most nea t  r e s i n  sys tems (see, f o r  example, 
ReEerence [ 3 ] ) .  No s a t i s f a c t o r y  r a t i o n a l e  f o r  t h i s  d i s p a r i t y  has  been 
theorized as y e t .  
It  should a l s o  be noted t h a t  t he  measured s t i f f n e s s  p r o p e r t i e s  of 
these  nea t  epoxy r e s i n s  do not  obey t he  i s o t r o p i c  material r e l a t i o n  
between E, v and G ,  i.e., 
E 
2(1  + v) G =  
Resul t s  are summarized i n  Table 2. As can be seen, t h e  va lues  of shea r  
modulus G ca l cu la t ed  from Eq. (2) $tsing va lues  of E and v measured i n  
the  u n i a x i a l  t e n s i l e  tests are c o n s i s t e n t l y  lower than t h e  measured 
values of C. This is t r u e  f o r  a l l  four mat r ix  materials, a t  a l l  t h r e e  
test temperatures, f o r  both dry  and moisture-saturated condi t ions .  No 
s t r o n g  t rends  from material t o  material, o r  between test  condi t ions ,  are 
apparent. The 2220 sys tems t e s t e d  a t  t h e  h ighes t  temperature i n  the  
moisture-saturated condi t ion  d id  i n d i c a t e  the  g r e a t e s t  discrepancy, 
however . 
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Table 2 
Measured and Calculated E las t i c  Material  Constants 
f o r  Four Neat Res in  Systems 
Measured Measured Calculated Gmeas-Gcalc 
Young's Measured Shear Shear 
Resin Modulus Poisson ' s Modulus Modulus mea6 
System (GPa) (hi) Ratio (GPa) ( M s i )  (GPa) ( M s i )  (percent ) 
c, 
23"C, Dry Condition 
3502 3.65 0.55 
914 4.02 0.58 
2220-1 2.96 0.43 
2220-3 3.17 0.44 
54OC, Dry Condition 
3502 3.24 0.47 
914 3.37 0.49 
2220-1 2.96 0.43 
2220-3 2.96 0.43 
82OC,  Dry Cond? t ion 
3502 3.10 0.45 
914 3.17 0.46 
2220-1 2.62 0.38 
2220-3 2.41 0.36 
23OC, Wet Condition 
3502 3.52 0.51 
914 3.10 0.45 
2220-1 3.11 0.45 
2220-3 3.03 0.44 
54'C, Wet Condition 
3502 3.03 0.44 
914 2.55 0.37 
22 20- I. 2.56 0.37 
2220-3 2.41 0.35 
82OC, Wet Condition 
3502 2.58 0.37 
914 2.14 0.31 
2220-1 2.07 0.30 
2220-3 2.14 0.31 
0.36 
0.36 
0.36 
0.36 
0.36 
0.36 
0.37 
0.36 
0.37 
0.37 
0.36 
0.35 
0.43 
0.43 
0.41 
0.43 
0.38 
0.41 
0.43 
0.44 
0.42 
0.40 
0.43 
0.47 
1.79 
1.52 
1.52 
1.38 
1.59 
1.52 
1.38 
1.24 
1.59 
1.38 
1 .17  
1.10 
1.58 
1.45 
1.52 
1.52 
1.38 
1.24 
1.31 
1.24 
0.97 
1.17 
1.24 
1.31 
0.26 1.39 0.20 
0.22 1.47 0.21 
0.22 1.09 0.16 
0.20 1.11 0.16 
0.23 1.19 0.17 
0.22 1.24 0.18 
0.21 1.08 0.16 
0.18 1.09 0.16 
0.23 1.13 0.16 
0.20 1.16 0.17 
0.17 0.96 0.14 
0.16 0.92 0.13 
0.23 1.23 0.18 
0.21 1.08 0.16 
0.22 1.10 0.16 
0.22 1.06 0.15 
0.20 1.10 0.16 
0.18 0.90 0.13 
0.19 0.90 0.13 
0.18 0.84 0.12 
0.14 0.90 0.13 
0.17 0.76 0.11 
0.18 0.72 0.10 
0.19 0.73 0.11 
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I t  oho,Ad be emphasized t h a t  both t h e  t e n s i l e  test and t h e  
t o r s i o n a l  shear  test are w e l l  e s t a b l i s h e d  s t ra ight forward  techniques, 
and f i v e  r e p l i c a t e s  were used to  e s t a b l i s h  t h e  averages given i n  Table 
2. Thus, these d a t a  are considered very  r e l i a b l e .  It should also be 
noted t h a t  a similar discrepancy between t h e  i s o t r o p i c  r e l a t i o n  (Eq. 2) 
and experimental  data w a s  repor ted  f o r  Hercules 3501-6 epoxy i n  
Reference (31. That is, t h e  d a t a  presented h e r e  do no t  r e r r e s e n t  an 
i s o l a t e d  f inding.  It  is planned to  i n v e s t i g a t e  t h i s  unexpected polymer 
material response i n  more d e t a i l  i n  a f u t u r e  study. 
3.4 Fracture  Toughness T e s t s  
Fracture  toughness t e s t i n g  w a s  performed us ing  t h e  notched bend 
f r a c t u r e  toughness method descr ibed i n  ASIT! - E319 [SI. A complete 
descr ip t ion  of t h e  test method used i s  given i n  Appendix B of Volume 11 
and i n  Reference 151. A l a r g e r  number of samples than f o r  tension and 
torsion t e s t i n g  w a s  used for t h i s  t e s t i n g  due to  the  expected scatter 
f o r  neat r e s i n  materials. However, t h e  GIc values  measured appeared t o  
be about an order  of magnitude too  high. Thus, no r e s u l t s  are presented 
here. I n  re t rospec t  i t  appears t h a t  t h e  precrack w a s  no t  introduced 
properly.  
3.5 Coeff ic ien t  of Thermal Expansion T e s t s  
Coeff ic ien ts  of thermal expansion, CTE, were measured with a 
glass-tube d i la tometer  apparatus u t i l i z i n g  a n  LVDT and X-Y p l o t t e r  f o r  
recording the change i n  length versus  temperature. A d e t a i l e d  
descr ip t ion  of the  apparatus  and test method is included i n  Appendix B 
of Volume I f .  Only two specimens from each of t he  fou r  r e s i n  systems 
were t e s t e d  i n  t h e  dry and moisture-saturated condi t ions.  The d a t a  f o r  
CTE displayed a high degree of scatter and are no t  considered reliable. 
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Additional t e s t i n g  w i l l  be performed dur ing  t h e  follow-on study t o  
provide a much b e t t e r  b a s i s  f o r  t h e  CTE va lues .  Improvement t o  t h e  
apparatus w i l l  also b e  made to  alleviate t h e  h igh  var iance  encountered 
during the  p re sen t  t e s t i n g .  A l i n e a r  r eg res s ion  curve- f i t  computer 
rou t ine  w a s  used t o  c a l c u l a t e  t h e  b e s t - f i t  equa t ion  f o r  t he  data poin ts .  
These equat ions  are l i s t e d  i n  Table 3. Coe f f i c i en t  of thermal expansion 
(CTE) values  as 3 func t ion  of temperature are shown i n  Figures 26 and 
27, f o r  dry and moisture-saturated condi t ions ,  r e spec t ive ly .  The 
Hercules 3502 base l ine  r e s i n  exh ib i t ed  t h e  lowest CTE of t h e  fou r  r e s i n  
systems; t he  va lue  is similar t o  those prev ious ly  measured on Hercules 
3501-6 epoxy, which is  a l s o  an  MY720 base epoxy system [4]. A l l  CTE 
va lues  were f a i r l y  l i n e a r  w i th  temperature except those f o r  914, which 
increased 50 percent from room temperature to  82OC, probably because of 
t h e  presence of a thermoplastic add i t ive .  CTE va lues  f o r  
moisture-saturated specimens remained f a i r l y  cons tan t  over t he  
temperature range s tud ied .  
3.6 Coef f i c i en t  of Moisture Expansion Tests 
Coef f i c i en t s  of moisture expansion, CME, of t h e  four nea t  epoxy 
r e s i n s  were measured by us ing  exposure cond i t ions  from dry t o  moisture 
s a t u r a t i o n .  A g l a s s  tube d i la tometer  appara tus  wi th  an  LVDT w a s  used t o  
measure the  expansion i n  a moisture chamber, whi le  an  e l e c t r o n i c  balance 
w a s  used t o  simultaneously measure the  moisture weight ga in  of a second 
specimen of equal. s i z e  and th ickness  i n  the  same chamber. A complete 
desc r ip t ion  of t he  apparatus and test method is given i n  Appendix B of 
Volume 11. A l i n e a r  regress ion  curve- f i t  computer program w a s  used t o  
f i t  t he  da t a  and t o  c a l c u l a t e  CME'S. These va lues  are given i n  Table 4. 
The CME, o r  8 ,  va lues  compare favorably with those of o the r  epoxy 
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Table 3 
Coefficients of Thermal Expansion 
(curve-fit equations, where T is i n  "C) 
Hercules 3502 Epoxy 
Dry Q = 3.691E-05+3.58l~-08~*2.0+3.075E-10AT**2*3.0 
Moisture- Q 4.319E-05+3.065E-07*T*2.0- 1 . 7  18E-09AT**2*3.0 
Saturated 
Fibredux 914 Epoxy 
Dry a =  1.868E-06-8.231E-08*T*2.0-9.766E-ll*T**2*3.0 
Moisture- Q =  5.882E-05-2.533E-08*T*2.0+2.010E-10~**2*3.0 
Saturated 
Hercules 2220-1 Epoxy 
Dry a = 1.334E-O5-1.237E-07*T*2.0-2.65lE-lO*T**2*3.0 
Moisture- a = 1.612E-04-2.286E-06*T*2.O+l.584E-08*T**2*3.0 
Saturated 
Hercules 2220-3 Epoxy 
Dry a = 2.354E-05+4.365E-08*T*2.0-7.772E-ll*T**2*3.0 
Saturated 
Moisture- LX= 4.984E-05+3.039E-07*T*2.0-1.647E-09*T**2*3.0 
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Figure 26. Coefficient of Thermal Expansion as a Function 
of Temperature, Dry Condition. 
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Figure 27. Coefficient of Thermal Expansion a s  a Function 
of Temperature, Moisture-Saturated. 
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systems [4], except the data tend to have higher scatter than previously 
observed. 
Table 4 
Coefficients of Moisture Expansion 
(Dry to Saturation at 98% RH, 74OC) 
3502 Neat Epoxy 
8 = 1.925E-O3/%M 
Fibredux 914 Neat Epoxy 
B 2.132E-O3/%M 
2220-1 Neat Epoxy 
e = 1.547E-O3/%M 
2220-3 Neat Epoxy 
f3 = 2.499E-03/%~ 
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SECTION 4 
SCANNING ELECTRON MICROSCOPE RESULTS 
4.1 Introduction 
A JEOL JSM-35C scanning electron microscope was used for all of the 
work of the present study. This relatively new instrument has a 
magnification range from 1OX to 180,00OX, a depth of field of 3011 at 
lOOOX, and a resolution of 60A. 
0 
4 . 2  Specimen Preparation 
A total of 55 specimens were mounted for examination, representing 
all of the environmental conditions for the tension and shear testing of 
the four neat epoxy resins. One-inch diameter SEM specimen mounts were 
used. 
A Buehler No. 4150 silicon carbide cutoff blade wa3 used to cut the 
SEM specimens from the failed test articles. A silver conducting paint 
was used to bond the SEM specimens to the brass mounts, after which the 
specimens were ultrasonically cleaned to remove loose surface debris. 
All specimens were subsequently vapor-coated with gold tc make them 
electrically conductive. 
4 . 3  Explanation of SEM Photographs 
Specimens representing all test temperatures, moisture conditions, 
and test types were studied. On the following pages, SEM photographs are 
shown along with, to the extent possible, a description/interpretation 
of the fracture surface features. 
The photographic system of the SEM records information directly 
across the bottom of each SEM photograph. Referring, for example, to 
Figure 28, the caption reads: 
25 KV X20 SO39 1OOO.OU UW83 
The interpretation is as follows: 
25 KV electron beam accelerating voltage, in kilovolts 
x20 magnification 
5039 photograph number 
1OOO.OU length of the scale bar, in microns 
UW83 the SEM unit identification number, i.e., University of 
Wyoming and the current year, 1983 
The specimen numbering system is summarized here for convenience. A 
typical specimen identification is divided into three sets of 
characters. For example, the specimen number in Figure 28 is LTWA33. 
This is interpreted as follows: 
L identifies the program, for NASA-Langley, related to the neat 
resin testing program 
TWA identifies the type of specimen, environmental condition, and 
test temperature 
33 identifies the resin system and specimen number 
The complete set of codes, for all specimens tested, is as follows: 
Type of Mechanical Test 
T - Tension 
S - Shear 
Specimen Conditioning 
D - Dry 
W - Moisture-Saturated 
Test Temperature_ 
A - Room temperature 
B - 5 4 O C  
C - 82OC 
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Indiv idua l  Neat Resin Specimen Numbers 
00- 10 Hercules 2220-1 epoxy 
11-20 Hercules 2220-3 epoxy 
21-30 Fibredux 914 epoxy 
31-40 Hercules 3502 epoxy 
Usually, only f i v e  specimens a t  any condi t ion  were t e s t e d  so O C ~ Y  
:he f i r s t  f i v e  numbers from any one group were used. 
4.4 Frac ture  Surfaces from Neat Resin Tension Tests 
Frac ture  su r faces  of both dry and moisture-saturat  d neat r e s i n  
tension specimens were s tud ied  i n  the  SEM. There are a number of 
prominent f e a t u r e s  a s soc ia t ed  with a te , t s i le - type  f a i l u r e .  The primary 
f ea tu re  is a smooth s u r f a c e  wi th  r a d i a l  s t r i a t i o n s  emanating i n  a l l  
d i r ec t ions .  Within t h i s  smooth reg ion  is what is suspected t o  be a 
f a i l u r e  i n i t i a t i o n  s i te .  This s i t e  could be  a void,  a Contamination 
particle, o r  a loca t ion  of a s t a t i s t i c a l l y  weak c ross l ink ing  network. 
Numerous SEM closeups ard included t o  he lp  d i s c e r n  which of these  
f e a t u r e s  i n i t i a t e d  a p a r t i c u l a r  f a i l u r e .  Bordering t h e  smooth region 
which surrounds the  suspected f a i l u r e  i n i t i a t i o n  s i te  ic a t r a n s i t i o n  
region connected t o  a very coarsz  appearing region. This  i r a n s i t i o n  
region is comprised, i n  most cases ,  of r a d i a l  l i n e s  thought t o  be caused 
by a rap id  p ropaga t im of t he  f a i l u r e  and concurrent rap id  increase  i n  
stress l e v e l .  The o u t e r ,  very coarse ,  region is considered t o  be formed 
during the f i n a l  s t a g e s  o t  f r a c t u r e ,  and i s  generated immediately before  
ca t a s t roph ic  f r a c t u r e  of t h e  specimen. The coarseness is thought t o  be 
c rea t ed  when the f r a c t u r e  su r face  s p l i t s  i n t o  many p lanes  and cracks  and 
propagates ac ross  the  specimen. For thc  four r e s i n s  involved i n  t h i s  
program, a r e l a t i v e l y  l a r g e  t r i a n g u l a r  ch ip  w a s  a corn Y a r t i f a c t  of 
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t h i s  f r ac tu re  mode and w a s  almost never recovered a f t e r  f r a c t u r e .  
Frequently, the  region ad jacent  to the  ch ip  area c m t a i n e d  f r a c t u r e  
cracks. The a c t u a l  chip,  when recovered and viewed as i n  Figure 7, 
contained utany i n t e r n a l  f r a c t u r e  l i n e s .  
The following SEM photographs are a sampling of r ep resen ta t ive  
views of t e n s i l e  f a i l u r e  sur faces .  One specimen from each test condi t ion  
was examined. 
Some genera l  observat ions can be made. For n o s t  of t h e  specimens, 
the  smooth region surrounding the  f a i l u r e  i n i t i a t i o n  si te seemed t o  
become more coarse  as temperature andlor  humidity increased. The 
r e l a t i v e  s i z e  of the  smooth aic& t o  t h e  o v e r a l l  f r a c t u r e  plane area was 
a funct ion of tensile s t r eng th .  The smaller t h e  smooth area surrounding 
the f a i l u r e  i n i t i a t i o n  site, t h e  h igher  t h e  recorded s t r eng th .  The s ize  
of the void or p a r t i c l e  a t  t h e  suspected f a i l u r e  i n i t i a t i o n  s i te  
appeared t o  have l i t t l e  r e l a t i o n  t o  t h e  t e n s i l e  s t r eng th .  
Figures 28 through 31 are photographs of t y p i c a l  Hercules 3502 
tensile f a i l u r e s .  Being an untoughened b r i t t l e  epoxy, t he  rough por t ion  
of tllz f a i l u r e  w a s  r e l a t i v e l y  small when compared t o  the  three  toughened 
epoxy sys  terns. 
Figures 32 through 38 are SEM photographs of the  Fibredux 914. This 
roughened epoxy exhib i ted  somewhat smaller smooth i n i t i a t i o n  regions 
than the base l ine  3502 untoughened epoxy, c2rhaps due t o  the  g r e a t e r  
degree of f r a c t u r e  su r face  s p l i n t e r i n g  a t  f a i l u r e .  A g r e a t e r  sky - i t i v i t y  
t o  moisture-induced stresses was a l s o  ev ident  in t h i s  resin. Some SEM 
specimens even &-.racked during the  gold vapor depos i t ion  process i n  
vacuum. The specimens obviously d r i e d  out  r ap id ly  during t h i s  proceAs, 
producing the l a rge  crack seen i n  Figure 34. During moisture 
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Figure 32. Failed Ffbredux 914 Neat Epoxy Tensile Specimen No. 
LTWA24, 23'C, Moisture-Saturated. 
This photograph shows a relatively small smooth area i n  the 
lower left surrounding the suspected in i t ia t ion  s i t e .  
region mated to a larger triangular chip missing from the specimen. 
The large rough 
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condi t ioning,  a number of Fibredux 914  specimens were l o s t  due to  
cracking when they were inadver ten t ly  allowed t o  dry out  quickly.  A high 
moisture-induced stress gradien t  i n  t hese  specimens was blamed f o r  these  
f a i l u r e s .  This  problem was not  evident. i n  t he  Hercules 2220-1 o r  2220-3 
epoxies,  but  d id  occur occasionnl ly  wi th  the  untoughened Hercules 3502 
epoxy. The round to r s ion  specimens wi th  the l a r g e r  c ros s  s e c t i o n  were 
prominently a f f ec t ed .  
Figures 39 through 43 are SEM photographs of t he  Hercules 2220-1 
t e n s i l e  f r a c t u r e  Surfaces .  A l l  f r a c t u r e  su r faces  exh ib i t ed  the  th ree  
zones discussed h t  the beginning of t h i s  sec t ion .  
Figures 44 through 50 a r e  SEM photograhs of t h e  Hercules 2220-3 
epoxy tensile f r a c t u r e  sur faces .  A s l i g h t  i nc rease  i n  o v e r a l l  coarseness  
was seen i n  the  f r a c t u r e  su r faces  when compared t o  those of t he  o the r  
th ree  systems. Although these SEM photographs are very r ep resen ta t ive  of 
the  observed f a i l u r e  su r faces  f o r  the  four  nea t  epoxy r e s i n  systems 
s tud ied ,  a d d i t i o n a l  SEM photographs are included i n  Appendix D of Volume 
I1 t o  allow a more complete ca t a log  of f r a c t u r e  modes. 
4.5 Fracture  Surfaces - from Neat - Resin Torsic!;al  Shear Tests 
Torsional  shear  SEM specimens represent ing  a l l  t e s t  condi t ions were 
prepared i n  a manner similar t o  t h a t  f o r  t he  tens ion  specimens. 
T y p i c a l l y ,  a l a rge  por t ion  of the  test specimen w a s  i r recoverable  due to 
complete f r a c t u r e  i n t o  mul t ip le  small pieces and dus t .  Only the  ends 
held i n  the g r i p s  were usable a s  SEM specimens. Due t o  the l a r g e  
por t ions  of missing p ieces ,  few SEM photographs conta in  a re levant  
h i s to ry  of the  f r a c t u r e  su r faces  f o r  shear .  Therefore,  only a s m a l l  
number of shear  SEM photographs a r e  included i n  t h i s  s ec t ion .  The 
remainder of the  SEM photographs are contained i n  Appcndix D of Volume 
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Figure A ' .  F, i i led Ncrcuics 2730-1 Kcat Epoxy Tensile Specimen No. 
I 'rmo 3 , 'jr( O C , ?lit i s t iirt-Sn t u rs3 t tad. 
An i n t e r n a l  vt\id area is quite c v i d c n t  in the tentcr of the 
smcoth are. . Fnilurc p r - h i b l y  began there. 
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Figure 4 t .  Fai led  Hercules 2 2 2 0 - 3  4eat  Epoxy Tensile Specimen 
N o .  LTDA14, 2 3 " C ,  D r y .  
This photograph shows the smooth region in the  upper left  
corner and t h e  t rans i t  ion  area leading i n t o  the coarse region. 
This coarse region is the  f rac ture  surface le f t  when the  
c h a r a c t e r i s t i c  c h i p  is e jec ted  a t  f a i l u r e .  
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OF POO.-C C e z s L  
Figure 5 0 .  F d i l 2 d  Hercules  7?",-3 Xt.21 .  Fpcsl Tenslie Specimen 
Bo. t - l nc ix ,  Y ? O C ,  D r y .  
This  c lose-up  <>f the  specimen shown i n  Fisure 49 shows no 
specific I n i t i a t i o r i  s i t e  i n  t h e  smooth arena The l o n g  b r i g h t  
spot on the  l e f t  i s  d e b r i s  an t h e  sur face  of  t l x  specimen. 
I1 as a representa t ive  c o l l e c t i o n  of f r a c t u r e  su r faces .  
The shear  f a i l u r e s  appeare ' similar to  t h e  tens ion  f a i l u r e s  i n  some 
ways. There were observable regions of f a i l u r e  i n i t i a t i o n ,  t r a n s i t i o n ,  
and t e r t i a r y  f a i l u r e  rough areas. The t r a n s i t i o n  a r e a s  t h a t  were v i s i b l e  
had somewhat curved l i n e s  dce t o  t h e  t o r s i o n a l  load. 
High mois ture-induced stresses were developed during t h e  process of 
preparing specimens f o r  SEM viewing. The w e t  specimens were s t o r e d  a f t e r  
f a i l u r e  i n  a moist environment t o  t r y  t o  preserve t h e  f r a c t u r e  su r faces .  
During SEM specimen preparat ion,  however, t h e  specimens had t o  be 
evacuated i n  a vacuum chamber f o r  vapor depos i t ing  t h e  gold onto t h e i r  
surfaces .  It is thought t h a t  during t h i s  process  t h e  moisture-saturated 
specimens were secondari ly  cracked, as i d e n t i f i e d  i n  some of t h e  
following f igu res .  Specimen numbers are n o t  given on t h e  following 
f i g u r e s  f o r  t he  shear  specimens because t h e  numbers were not  marked on 
ind iv idua l  f a i l e d  specimens. Only the  material and test  condi t ions are 
a v a i l a b l e  to  i d e n t i f y  these  f a i l e d  specimens. 
Figures 51 and 52 are SEM photographs of t he  ?.502 epoxy t o r s i o n a l  
shear  f a i l u r e s .  PoPaible f a i l u r e  s i t e s  are v i s i b l e  as are regions of 
very glassy appearance which i n d i c a t e  subsequent bending f a i l u r e s  a f t e r  
t he  i n i t i a l  shear  f a i l u r e s .  
Figure 53 is representa t ive  of t h e  f a i l u r e  sur faces  of t h e  Fibredux 
914 to r s ion  specimens. Some evidence j s  v i s i b l e  of a shear  f a i l u r c ,  b u t  
most of t he  sur faces  are very smooth, i n d i c a t i n g  t h a t  secondary bending 
was present  a f t e r  t he  i n i t i a l  shear  f a i l u r e .  Two cracks are present  
vhich were induced by t h e  high stress gradien ts  present  when the  
moisture-saturated specimen d r i e d  ou t  a f t e r  t e s t i n g .  
Figures 54 through 5 7  show 2220-1 nea t  epoxy s h e a r  f a i l u r e s .  The 
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fa i lure  surfaces. A smooth glassy surface extends across the majority of 
the specimen, indicating a high dependence on bending as a fa i lure  mode. 
More SEM photographs of  fracture toughness specimens are included i n  
Appendix D of Volume 11. 
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SECTION 5 
MICROMECHANICS PREDICTIONS OF CQWOSITE RESPONSE 
5.1. Introduction 
One tmportant purpose of testing neat resin systems is to determine 
the mechanical and physical properties needed as input to a 
micromechanics analysis. This micromechanics analysis can then be used 
to predict all of the properties of 3 unidirectional composite, e.g., 
axial, transverse and shear moduli, major and minor rdsson‘s ratios, 
axial and transverse thermal expansion coefficients, axial and 
transverse moisture expansion coefficients, axial, transverse and shear 
strengths, complete (nonlinear) stress-strain curves to failure, 
fiber-matrix interface stress distributions (both normal and shear 
stresses), and complete local stress and strain distributions in both 
the fiber and the surrounding matrix material. All of these properties 
can be predicted for any combination of test tmperature and prior 
moisture exposure. 
It is of ten prohibitively expensive to experimentally measure all 
of these unidirectional ply properties, even though they are required as 
inFx to any subsequent laminate analysis and design process. By 
measuring the properties of the matrix material instead (a much less 
expensive and time consuming process since the matrix is isotropic and 
therefore has fewer properties to measure), and having literature values 
of the fiber properties available, any of the composite ply properties 
for any environmental and loading conditions can be predicted at any 
subsequent time. This could even include biaxial loadings (laminate 
analyses) and triaxial loadings (interlaminar 8 tresses) associated with 
free edge effects, e.g., adhesive-bonded joints and the surfaces of 
a t t a c h e n t  ho le s  ( b o l t s  and rivets) and access cutouts .  There are an 
i n f i n i t e  number of combinatioas of geometries and loading condi t ions  of 
p r a c t i c a l  interest, and not a l l  can be t e s t ed .  
The philosophy of thz  Compsclite Materials Research Group (CMRG) has 
been t o  develop r igorous  a n a l y e i s  procedures f o r  p r e d i c t i n g  composite 
material response from cons t i t uen t  material p rope r t i e s ,  and t o  develop 
ef f l c i e t i t  procedures f o r  meamring these  c o n s t i t u e n t  material 
proper t ies .  To gain  genera l  acceptance of t h i s  approach by the  composite 
materials community, i t  is neces(~~ry t o  demonstrate t h a t  t he  composi. 
P rope r t i e s  predf.cted by t h e  micromechanics a n a l y s i s ,  us ing  f i b e r  and 
matrix cons t i t uen t  p r o p e r t i e s  as input,  c o r r e l a t e  wi th  experimentally 
measured u n i d i r e c t i o n a l  conpor i te  da ta .  
This has been done as p a r t  of p r i o r  CMRG s t u d i e s ,  e.g., f o r  
Hercules AS/3501-6 graphite/epoxy nnd S2/3501-6 glasslepoxy s t i f f n e s s  
p rope r t i e s  [ 61, ASl3501-6 graphitelepoxy s t i f f n e s s  and s t r e n g t h  
proper t iea  [ 7.81, ASl3501-6 graphitelepoxy and S213501-6 glass/epoxy 
shear  p rope r t i e s  [ 3 , 9 ] ,  rind ASl3501-6 graphite/epoxy and S213501-6 
glass/epoxy thermal expansion and moisture expansion c o e f f i c i e n t s  [ 41. 
In  add i t ion ,  CHaC c o r r e l a t e d  u n i d i r e c t i o n a l  glass/epoxy a x i a l ,  
t ransverse  and shea r  p r o p e r t i e s  as p a r t  of a study f o r  General Motors 
[ I t ] .  Good c o r r e l a t i o n s  were achieved, bu t  as w i l l  be noted, the  same 
Herccles 3501-6 epoxy mat r ix  was used I n  a l l  programs except t he  one 
recently completed f o r  General Motors 1111. Also, i n  a l l  of these p r i o r  
programs, CMRG e i t h e r  generated t h e  composite d a t a  or, in t he  case  of 
t i . .  s t u d i e s  of References [ 7 , 8 ] ,  was d i r e c t l y  involved in a program with 
the  outs ide  Kroup F - h i c h  d id '  genera te  the  da ta .  
I n  the  present  s tudy ,  four  a d d i t i o n a l  nea t  r e s i n  matrix mater ia le  
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have been characterjzed, as documented in the prior sections of this 
report. Thus, the opportunity to further verify the ability of the 
micromechanics analysis to predict composite material response has been 
greatly expanded. The present study did not include the testing of any 
composites, only the neat resin matrix. Thus it was not possible to 
present meaningful correlations in the present report. However, selected 
analytical predictions will be presented here to demonstrate the types 
of infc-oation which are available. It is anticipated that more detailed 
.lata on unidirectional graphite fiber-reinforced composites utilizing 
these four polymer matrix materials will become available during the 
next year. Detailed correlations will then be made and presented in a 
subsequent report. 
5.2 Micromechanics Predictions Methodology 
The micromechanics predictions methodology presently available at 
the University of Wyoming is the result of work initiated in the 
mid-1960's primarily by Adams [12,13] and Foye [14]. Work has continued 
in the intervening years, to extend these analyses to random fiber 
arrays [15], inelastic matrix response [16-18], temperature- and 
moisture-dependent material properties [1,20], crack propagation 
[21-281, nonlinear viscoelasticity [2,10], and most recently, a full 
three-dimensional analysis [29]. These analytical tools were fully 
available to the present study, and have been used as appropriate. 
Specifically, the basic two-dimensional micromechanics finite 
element analysis and associated computer program [ 1,19,20 J with the 
addition of longitudinal shear loading capability [3,9] was used. The 
fiber is assumed to be anisotropic (transversely isotropic) and linearly 
elastic to failure. The matrix is inelastic but isotropic. An octahedral 
shear  stress y i e l d  c r i t e r i o n  and a Prandtl-Reuss flow r u l e  were used. 
The matrix material p r o p e r t i e s  are assumed t o  be f u l l y  temperature- and 
moisture-dependent. 
For the  present  analytical p re sen ta t ion ,  s i n c e  no composites 
experimental da t a  are a v a i l a b l e  f o r  comparison, a 60 percent  f i b e r  
volume was assumed i n  a l l  cases. AS4 g r a p h i t e  f i b e r s  were modeled i n  a 
square array. I f  a regular  array is  assumed, a s i n g l e  f i b e r  and the  
surrounding mat r ix  can be i s o l a t e d  as a t y p i c a l  repea t ing  u n i t  f o r  
ana lys i s  purposes. I n  f a c t ,  only one quadrant of t h i s  repea t ing  element 
need be analyzed because of symmetry. This  is discussed i n  d e t a i l  i n  t h e  
various re ferences  previously c i t e d .  The f i n i t e  element g r i d  used t o  
model t h i s  f i r s t  quadrant is shown i n  Figure 63. It  c o n s i s t s  of 288 
constant s t r a i n  t r i a n g u l a r  elements, and 169 node poin ts .  
5.3 Consti tuent Material P rope r t i e s  
5.3.1 Matrix Materials 
The f u l l  experimental d e t a i l s  of the fou r  mat r ix  materials 
charac te r ized  as p a r t  of the  present  study, v i z ,  Hercules 3502, Hercules 
2220-1 and 2220-3, and Fibrodux 914, are d iscussed  Cn Sec t ion  3 of t h i s  
report .  For use i n  the  micromechanics ana lys i s ,  i t  is  necessary t o  
express these da t a  i n  a form which can be  input  t o  t h e  a s soc ia t ed  
computer program. The ex2erimental da t a  could be input po in t  by po in t ,  
i .e.,  by expressing each s t r e s s - s t r a i n  curve as a series of poin t  
values.  This would be tedious.  Aiso, s i n c e  matrix tests were performed 
a t  d i s c r e t e  temperature and moisture condi t ions  and the  a n a l y s i s  is 
capable of pred ic t ing  composite response a t  any combination of 
condi t ions ,  i t  is necessary t o  i n t e r p o l a t e  (and sometimes even t o  
ex t rapola te )  the a v a i l a b l e  experimental da t a  t o  o the r  hygro themal  
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Figure 63. F ini te  Element Grid Utilized i n  the Present Study 
to Model t h e  First Quadrant of a Square Array of 
Fibers. 
condi t ions.  Thus, i t  is convenient t o  f i t  t h e  temperature- and 
moisture-dependent data t o  an equation. This permits  easy i n t e r p o l a t i o n ,  
and a t  t h e  same time provides a means, by l inear regression,  of 
averaging t h e  t y p i c a l  f i v e  i n d i v i d u a l  s t r e s s - s t r a i n  curves a t  each test 
condi t ion together.  This  was done using t h e  same Richard-BlaLklock 
r e l a t i o n  1301 u t i l i z e d  i n  t h e  p r i o r  s tud ie s .  This expression is of the 
form: 
EE: 
[ EE: ']'In u =  
1-1- Is1 
0 
(3) 
where u and E are t h e  stress and s t r a i n  q u a n t i t i e s  being f i t t e d  (i.e., 
normal, shear ,  or oc tahedra l  shear  q u a n t i t i e s ,  as appropr ia te ) ,  and E, 
u and n are t h e  f i t  parameters. The E is t h e  i n i t i a l  s l o p e  (modulus) of 
t h e  s t r e s s - s t r a i n  r e l a t i o n ,  and u is t h e  asymptotic va lue  of stress. 
The parameter n governs t h e  sharpness  of t h e  curvature  of t h e  f i t t e d  
curve ( l a r g e r  va lues  of n g iv ing  sharper  curvatures) .  The averaged test 
d a t a  are presented i n  Sect ion 3 and t h e  ind iv idua l  test specimen r e s u l t s  
a long with t h e  Richard-Blacklock curve- f i t s  i n  Appendix C of Volume 11. 
These curve-f i t  d a t a  are summarized here  i n  Figures  64 through 67. Both 
t e n s i l e  and shear  tests were conducted on each of t h e  fou r  matrix 
sys t ems  and a r e  included here. The tensile d a t a  are p l o t t e d  t o  the  same 
scale for all fou r  materials, a s  a r e  the  shear  da t a .  Thus, t he  
s t r e s s - s t r a i n  response of a l l  fou r  materials can be  d i r e c t l y  compared. 
The Hercules 3502 data, considered as t h e  b a s e l i n e  matrix system f o r  t he  
present  s tudy,  are presented i n  Figures 64a and 64b,  t h e  Hercules 2220-1 
d a t a  i n  Figures 65a and 65b, t he  Hercules 2220-3 da ta  i n  Figures 66a and 
66b, and the  Fibredux 914 d a t a  i n  Figures 67a and 67b. The s o l i d  curves 
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Figure 64. Hercules 3502 Baseline Epoxy Stress-Strain 
Curves: Average Response at Each Test Condition 
(dry-solid lines, wet-dashed lines). 
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Figure 64 (continued). Hercules 3502 Baseline Epoxy 
Stress-Strain Curves; Average Response at Each 
Test Condition (dry-solid lines, wet-dashed lines). 
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Figure 65. Hercules 2220-1 Toughened Epoxy Stress-Strain 
Curves; Average Response at Each Test Condition 
(dry-solid lines, wet-dashed lines). 
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Figure 65 (continued). Hercules 2220-1 Toughened Epoxy 
Stress-Strain Curves; Average Response at Each 
Test Condition (dry-solid lines, wet-dashed lines). 
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a) tensile data 
Figure 66. Hercules 2220-3 Toughened Epoxy Stress-Strain 
Curves: Average Response at Each Test Condition 
(dry-solid lines, wet-dashed lines). 
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Figure 66 (continued). Hercules 2220-3 Toughened Epoxy 
Stress-Strain Curves; Average Response at Each 
Test Condition (dry-solid lines, wet-dashed lines). 
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Figure 6 7. Fibredux 914 Toughened Epoxy Stress-Strain 
Curves; Average Response at Each Test Condition 
(dry-solid lines, wet-dashed lines). 
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Figure 47 (continued). Fibredux 914 Toughened Epoxy 
Stress-Strain Curves; Average Response a t  Each 
Test Condition (dry-solid l i n e s ,  wet-dashed lines) . 
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represent  t h e  dry specimen tests, t h e  dashed curves t h e  
moisture-conditioned specimen tests. As expected, t he  matrix materials 
i n  t h e  dry condi t ion tend t o  e x h i b i t  higher  stresses and lower strains 
to  f a i l u i e .  They a l s o  e x h i b i t  less nonl inear  stress-strain response. 
These p l o t s  include a l l  th ree  test  temperature curves for each of t h e  
two moisture condi t ions,  i . e . ,  t h e  top ( s o l i d  l i n e )  curve represents  t h e  
23"C, dry condi t ion and t h e  bottom 'ashed l i n e )  curve represents  t h e  
82"C, w e t  condi t ion.  
The general  t rends exhib i ted  by t h e  f o u r  materials represented i n  
Figures 64 through 67 a r e  discussed i n  d e t a i l  i n  Sect ion 3. Only a b r i e f  
summary of these t r ends  as they relate t o  the  micromcchanics pred ic t ions  
will be given here. 
The Hercules 2220-1 and 2220-3 toughened epoxy sys t ems  exhib i ted  
very similar s t r e s s - s t r a i n  response a t  a l l  tes , condi t ions.  The t e n s i l e  
proper t ies  were almost i d e n t i c a l .  The s h e a r  s t ress -shear  s t ra in  curves 
of t h e  2220-1 were s l i g h t l y  h igher  than t h e  corresponding s h e a r  curves 
of t he  2220-3 a t  a l l  environmental conditj .ws.  
The s t r e s s - s t r a i n  response of t h e  two Hercules 2220 systems w a s  
muck 'Cfferent from t h a t  of t he  untoughened Hercules 3502 epoxy and the 
toughened Fibredux 914 s y s t e m s ,  however. The la t te r  two sys t ems  
exhibi ted much lower t e n s i l e  s t r e n g t h s  (approximately one-half as high).  
Even more s i g n i f i c a n t l y ,  t he  3502 and 914 systems exhibi ted l i t t l e  
nonl inear i ty .  Thus, t h e i r  t e n s i l e  f a i l u r e  s t r a i n s  were only about 
one-third those of t he  2220 sys tems.  I n  c o n t r a s t ,  t he  shear  s t r e n g t h s  of 
t h e  3502 and 914 systems were not  s i g n i f i c a n t l y  l d e r  than those of t he  
2220 sys tems.  The room temperature, d r y  s h e a r  s t r e n g t h  of t h e  Fibredux 
914 matrix materials was a c t u a l l y  t h e  h ighes t  of t he  fou r  materials. The 
107 
3502 and 914 systems exhibited little nonlinearity in shear, Just as 
they did in tension, so that the shear strains at failure were about 
one-half those of the other two materials. 
As previously discussed, the stress-strain cunfes of Figures 64 
through 67 were obtained by fitting the actual data to a 
Richard-Blacklock function. The curve-fit parameters E, uo and n, as 
well as the ultimate strength uu, were plocted as functions of 
temperature for each moisture condition, to permit the easy 
visualization of their variations. These plots for E iar each material 
are included here as Figures 68 and 69 Cor the dry and 
moisture-conditioned tests, respectively. Figures 70 and 71 are 
corresponding results for C (for the shear data), while Figure; 72 and 
73 and Figures 74 and 75 represent the ultimate tensile strengths Q and 
the ultimate shear strengths T respectively. The computer-generated 
best-fit straight line through the three temperature data points in each 
plot extends out to the cure temperature, 177OC (350OF). It will be 
noted that this extrapolation to the cure temperature (an extrapolation 
of 95OC) is greater than the range of the data (23OC to 82OC, i.e., a 
range of 59°C). In future work, it would be advisable to increase the 
temperature range over which the properties are measured to provide 
better input for the micromechanics analysis. 
U 
u' 
Returning to Figure 68, i t  can readily be observed that the Young's 
moduli (E) of the 3502 and 914 resin aystems in the dry co,iiition are 
about 20 percent higher than chose of the 2220 systems, the 3502 
indicating slightly lees temperature sensitivity. 
Figure 69, in which the E values for the moisture-conditioned 
materials are plotted, indicates that all four materials are influenced 
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Figure 68 .  Tensile Modulus as a Function of Temperature; Dry 
Condition (Richard-Blacklock Curve-Fits) 
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Figure 69. Tensile Modulus as a Function of Temperature; Moisture- 
Saturated (Richard-Blacklock Curve-Fits) 
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Figure 70. Shear Modulus as a Function of Temperature; Dry 
Condition (Richard-Blacklock Curve-Fits) 
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Figure 71. Shear Modulus as a Function of Temperature; Moisture- 
Saturated (Richard-Blacklock Curve-Fits) 
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Figure72.  Tensile Strength as a Function of Temperature; Dty 
Condition (Richard-Blacklock Curve-Fits) 
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Figure 7 3 .  Tensi le  Strength as a Function of Temperature; Moisture- 
Saturated (Richard-Blacklock Curve-Fits) 
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Figure 74. Shear Strength as a Function of Temperature; Dry 
Condition (Richard-Blacklock Curve-Fits) 
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Figure 75. Shear Strength as a Function of Temperature; Moisture- 
Saturated (Richard-Blacklock Curve-Fits) 
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s i m i l a r l y  by moisture  absorpt ion,  even though the  3502 absorbed about 25 
percent  more moisture than t h e  2220 systems, and t h e  914 system about 75 
qercent more. This  w a s  also observed i n  Sect ion 3, by comparing Figures 
10 and 11. 
Figure 70 i n d i c a t e s  t h a t  t h e  room temperature shear  modulus (G) of 
t h e  2220-3 epoxy is about 25 percent  lower than t h a t  of t h e  2220-1 
system (even though t h e  E values  were comparable). The va lues  of G f o r  
t h e  3502 and 914 systems were comparable, being i n  t h e  same range as t h e  
2220 systems. 
As ind ica ted  i n  Figure 71, t h e  shear  modulus of t h e  ver ious  systems 
tended t o  e x h i b i t  a s l i g h t l y  g r e a t e r  temperature s e n s i t i v i t y  i n  t h e  
moisture-conditioned s t a t e  than when t e s t e d  dry. 
Tensi le  u l t i m a t e  s t r e n g t h  d a t a  are presented i n  Figures 72 and 73, 
for  dry and w e t  condi t ions,  respect ively.  Although t h e r e  is some scatter 
i n  these  s t r e n g t h  d a t a ,  p a r t i c u l a r l y  f o r  t h e  3502 and 914 s y s t e m s  (which 
exhib i ted  less d u c t i l i t y ) ,  t he  t r ends  are very d i s t i n c t .  The u l t imate  
t e n s i l e  s t r e n g t h s  of a l l  fou r  materials increased with temperature when 
t h e  materials were t e s t e d  dry,  and decreased when they were t e s t e d  w e t .  
It is t o  be noted t h a t  each d a t a  poin t  i n  these p l o t s  t y p i c a l l y  
represents  t he  average of f i v e  ind iv idua l  tests. 
Since i t  is not expected t h a t  t he  t e n s i l e  s t r e n g t h s  of the  dry 
specimens would have continued t o  increase  wi th  f u r t h e r  increases  i n  
temperature, t he  da t a  suggest t he re  is  a temperature a t  which the  
t e n s i l e  s t r e n g t h  is a r e l a t i v e  maximum. Also, s i n c e  most polymers tend 
t o  g e t  s t ronger  a t  cryogenic temperatures, i t  i s  conceivable t h a t  t h e  
s t r e n g t h  would a t t a i n  a r e l a t i v e  minimum a t  some subambient temperature 
and then increase  wi th  f u r t h e r  decreases  i n  temperature. The observed 
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trend of the dry specimen tensile strength data to increase with 
increasing temperature may be a defect-related phenomenon. Although the 
neat resin specimens tested here were of excellent quality and free of 
any visible defects, microscopic defects exist in any real mterial. In 
brittle materials, such as those tested here, even these microscopic 
flaws act as stress concentrators and can cause failure initiation. The 
existence of such sites is demonstrated and discussed in Section 4 using 
scanning electron microscopy of the failed test specimen fracture 
surfaces. It can be postulated that 4 t h  increasing test temperature, 
and hence with increasing strain to failure (as demonstrated in Figures 
64 through 67), these pre-existing flaws tend to be blunted by the local 
plastic flow. 
As indicated in Figure 73, at the moisture-saturated condition all 
four matrix materials exhibited decreasing tensile strength with 
increasing temperature, an expected trend. Here it can be postulated 
that the moisture has an effect similar to increasing temperature, i.e., 
it plasticizes the polymer, increasing its strain capability and 
blunting stress concentrations created by pre-existing flaws. Thus, 
these microscopic flaws become relatively ineffective at all test 
temperatures, and the influence of temperature itself becomes dominant. 
The ultimate shear strength data presented in Figures 74 and 75 for 
the dry and moisture-saturated conditions, respectively, are not as well 
behaved as the tensile data. While the 3502 system tested dry did 
increase in shear strength with increasing temperature (Figure 74a), the 
other three materials did not. Shear apecimens tested in the 
moisture-saturated condition (Figure 75) did indicate a decrease in 
shear strength with increasing temperature, although the data do 
1.1 8 
i nd ica t e  some scatter. 
One poss ib l e  explana t ion  f o r  t h e  d i f f e rence  i n  u l t imate  s t r e n g t h  
response of t h e  dry specimens t e s t e d  i n  tens ion  (Figure 7 2 )  versus  shear  
(Figure 74) is t h a t  !n a t e n s i l e  test t h e  e n t i r e  c ros s  s e c t i o n  of t he  
specimen is  subjec ted  t o  the  maximum stress, while i n  t o r s i o n a l  shear  
the  maximum stress occurs only a t  t he  ou te r  su r f ace  ( increas ing  from 
zero a t  the  c e n t e r  of t h e  specimen). Thus, t he  shea r  specimens might be 
expected t o  be less s e n s i t i v e  t o  pre-dxisting i n t e r n a l  f laws, and hence 
bene f i t  less from an increase  i n  the  stress-concentratib.. b lun t ing  
e f f e c t  of increas ing  test temperature. 
Obviously, more d a t a  need t o  be generated and s tud ied  before  a l l  of 
the  above specula t ions  can be  v e r i f i e d  o r  discounted. 
Since the  da t a  are a c t u a l l y  used i n  t h e  form of octahedral shear  
s t ress -oc tahedra l  shea r  s t r a i n  r e l a t i o n s  i n  the  micromechanics ana lys i s ,  
i t  is necessary t o  convert  the  da t a  t o  t h i s  form. Sample p l o t s  are gi-ren 
i n  Figure 76.  Actually,  t he  da t a  only d i f f e r  from the  u n i a x i a l  t e n s i l e  
o r  shear da t a  by appropr ia te  cons tan t  f a c t o r s .  Thus the  snapes of t he  
curves shown i n  Figure 76 are the  same as those previously presented in 
Figures 64 through 67 .  
I n  theory,  if octahedra l  shea r  ( d i s t o r t i o n a l  energy) is a v a l i d  
representa t ion  of m u l t i a x i a l  stress s ta te  e f f e c t s ,  then e i t h e r  u n i a x i a l  
t e n s i l e  o r  shea r  d a t a ,  when converted t o  o c t a h e d r a l v a l u e s ,  should give 
the  same r e s u l t s .  The purpose of Figure 76 i s  t o  present  the  d a t a  from 
both t y p e s  of test on the  same p l o t s ,  f o r  t he  two environmental 
extremes, i.e.,  room temperature, dry (RTD) and e l eva ted  temperature, 
wet (ETW) condi t ions .  
A s  can be seen, the  t e n s i l e  t e s t s  appear t o  result i n  premature 
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Figure 76. Neat Epoxy Octahedral Shear Stress-Shear 
Strain Curves, from Tensile (dashed l ines )  
and Shear (so l id  l ines )  Tests; Only RTD 
(upper curve) and ETW (lower curve) Data 
Shown. 
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b) Hercules 2220-1 Toughened Epoxy 
Figure 76 (continued). Neat Epoxy Octahedral Shear 
Stress-Shear Strain Curves, from Tensile 
(dashed l ines )  and Shear ( so l id  l ines )  
Tests; Jnly RTD (upper curve) and El"< 
(lower curve) Data Shown. 
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Figure 76 (continued). Neat Epoxy Octahedral Shear 
Stress-Shear Strain Curves, from Tensile 
(dashed l ines )  and Shear ( so l id  l i n e s )  
Tests; Only RTD (upper curve) and ETW 
(lower curve) Data Shown. 
d) Fibredux 914 Toughened Epoxy 
Figure 76 (continued). Neat Epoxy Octahedral Shear 
Stress-Shear Strain Curves, from Tensile 
(dashed l i n e s )  and Shear ( s o l i d  l tnes )  
Tests; Only RTD (upper curve) and ETW 
(lower curve) Dnta Shown. 
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f a i l u r e s ,  which is most pronounced f o r  t he  less d u c t i l e  Hercules 3502 
and Fibredux 914 epoxies (Figures  76a and 76d). However, the  Hercules 
2220 systems (Figures  76b and 76c) both i n d i c a t e  t h a t  i f  premature 
tensile f a i l u r e s  did not occur,  t h e  tensile data probably would not  have 
f o l l m e d  t h e  shear  data .  This  d i f f e rence  has been observed previously 
also, and is as y e t  ucexplained. For t h e  present  pred ic t ions  of 
composite response, t h e  nea t  epoxy data gsnerated from t h e  shea r  tests 
w i l l  be u t i l i z e d .  
I n  add i t ion  to  t h e  s t i f f n e s s  and s t r eng th  p r o p e r t i e s  of the  matrix 
material as  a funct ion of temperature and moisture,  t h e  c o e f f i c i e n t s  of 
thermal expansion and moisture expansion are also requi red  as input  to 
the micramechanics ana lys i s .  
As discussed in detail  i n  Sec t ion  3, thermal expansion w a s  measured 
over t he  temperature range from 21OC to  93°C. For use i n  the  ana lys i s ,  
these  d a t a  were f i t  to  a second-order polynomial funct ion of 
temperature. These f i t s  are p l o t t e d  with the  corresponding e x p e r h e n t a l  
data i n  Figures 77 and 78, f o r  t he  dry materials and the  
moisture-saturated materials, respec t ive ly .  The normalized length  is the  
change i n  length divided by t h e  o r i g i n a l  length,  i.e., A E / k ,  which when 
divided by the  temperature change for a given i n t e r v a l  g ives  t h e  
c o e f f i c i e n t  of thermal expansion a. As w i l l  b e  noted, a is e s s e n t i a l l y  
constant  over the  temperature range of i n t e r e s t ,  i n  both the  dry and w e t  
condi t ions.  Also, t i  tends t o  be s l i g h t l y  higher  for the  
moisture-saturated materials r e l a t i v e  t o  the  ,aterials i n  the  dry s t a t e ,  
t he  914 matr ix  being a minor exception. Also, the  3502 system does have 
a somewhat lower a than the  o t h e r  t h ree  materials. 
Moisture expansion p l o t s  are presented I n  Figures 79 through 82 f o r  
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Figure 77. Neat Epoxy Thermal Expansion as a 
Function of Temperature; Dry Coildition. 
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Figrrre 7 7  (continued). Neat Epoxy Thermal Expansion 
as a Function of Temperature; Dry Condition. 
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Figure 77 (continued). Neat Epoxy Thermal Expansion 
as a Function of Temperature; Dry Condition. 
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Figure 77 (contiaued). Neat Epoxy Thermal Expansion 
as a Function of Temperature; Dry Condition. 
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Figure 78 .  Neat Epoxy Thermal i’xpansion as a 
Function o f  Temperature; Moisture- 
Saturated. 
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Figure 78 (continued). Neat Epoxy Thermal Expansion 
as a Fupction of Temperature; Moisture- 
Saturated. 
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Figure 78 (continued). Neat Epoxy Thelma1 Expansion 
as a Function of Temperature; Moisture- 
Saturated. 
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Figure 78 (continued). Neat Epoxy Thermal Expansion 
as a Function of Temperature; Moisture- 
Saturated. 
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Figure 79. Hercules 3502 Baseline Epoxy Moisture Expansion 
as t Function of Moisture Content; 75 Percent 
Relative Humid!ty Exposure. 
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Figure 83. Hercules 2220-1 Toughened Epoxy Moisture 
Expaneion as n Function of Moisture Content: 
75 Percent Relative Humidity Exposure. 
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Figure H I .  Hercules 2220-3 Toughened Epoxy Moisture 
Expansion a8 a Function of Moisture Content; 
75 Percent Relative Humidity Exposure. 
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Figure &2. Fibredux 914 Toughened Epoxy Moisture 
Expansion as a Function of Moisture Content; 
75 Percent Relative Humidity Exposure. 
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a l l  four  matr ix  materials, for the  75 percent  r e l a t i v e  humidity misture 
exposure condition. Data were generated a t  50 percent  and 100 percent  
r e l a t i v e  humidity a l s o ,  as discussed in Sect ion 3. The d a t a  were f i t  to  
a l i n e a r  func t ion  of moisture (i.e., a s t r a i g h t  l i n e ) ,  as indicated.  
This represents  a b e s t  i n d i c a t o r  of the  t rends  observed. 
5.3.2 Fiber  Proper t ies  
Since no a c t u a l  composites experimental  d a t a  were a v a i l a b l e  to  be 
compared to, a s p e c i f i c  g r a p h i t e  f i b e r  w a s  a r b i t r a r i l y  ass& f o r  
ca l cu la t ion  purposes. The assumed p r o p e r t i e s  of t h i s  Hercules AS4 
graph i t e  f i b e r  are given i n  Table 5 .  The t r ansve r se  normal s t r e n g t h  and 
the  a x i a l  and in-plane shea r  s t r e n g t h s  were assumed t o  be a r b i t r a r i l y  
high values ,  t o  i w u r z  that the  f i b e r  d i d  no t  f a i l  i n  these  modes. 
5 . 4  - Predicted Unid i rec t iona l  Composite Response 
The predic ted  u n i d i r e c t i o n a l  composite response w i l l  be presented 
ind iv idua l ly  f o r  each of the  fou r  matr ix  material system, t o  a i d  the  
reader  i n t e re s t ed  i n  making d i r e c t  c o r r e l a t i o n s  wi th  a v a i l a b l e  
experimental  d a t a  for  a s p e c i f i c  system. A square f i b e r  packing a r r ay  of 
continuous Hercules AS4 graph i t e  f i b e r s  of c i r c u l a r  c r o s s  s e c t i o n  i r  a 
60 volume percent un id f rec t iona l  composlte has  been assumed as 
represent ing  a t yp ica l  composite. The a n a l y s i s  is f u l l y  capable of 
handling o ther  geometric and/or ma te r i a l  conf igura t ions  as w e l l .  
The micromechanics a n a l y s i s  methodology was discussed i n  Sect ion 
5 . 2 .  For the  present  app l i ca t ion ,  the  key re ferences  f o r  a d d i t i o n a l  
information on t h i s  ana lys i s  technique include References [1,3,9,19,20]. 
In tne following subsect ions,  p red ic t ions  of composite response 
w i l l  be included only f o r  u n i a x i a l  loadings,  v i z ,  l ong i tud ina l  tension, 
t ransverse  tension,  and long i tud ina l  shear .  No compression loadings o r  
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Table 5 
Hercules AS4 Graphite Fiber Properties 1311 
Longitudinal Modulus , ER 235 GPa (34 Msi) 
Major Pojsson's Ratio*, vat 0.20 
Longitudinal Shear Modulus*, CLt  28 CPa (4 *i) 
14 GPa (2 h i )  t Tramverse Modulus*, E 
In-Plane Poisson's Ratio*, vtt 0.25 
In-Plane Shear Modulus**, G t t  5 .5  CPa (0.8 ki) , 
Coefficient of Longitudinal 
Coefficient of Transverse 
Thermal Expansion, ae 
Thermal Expansion*, cxt 
-0.36 x 
18 x 10-6/oC 
Longitudinal Tensile Strength, uy 3.59 GPa (520 ksi) 
Transverse Tensile Strength*, ur  0.35 CPa (SO k s l )  
*Estimated (see References [ 4 ,  321 
**Calculated, C t t  = E t / Z ( l  + vtt) 
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b i a x i a l  loading combinations w i l l  be included, although the  a n a l y s i s  is 
capable of applying any type o r  combination of loadings simultaneously. 
I t  is of i n t e r e s t  t o  study t h e  i n t e r n a l  stresses in t h e  matrix 
material induced by t h e  cooldown from t h e  177'C cu re  temperature, be fo re  
any mechanical loading is applied.  These r e s i d u a l  stresses are altered 
by each of t h e  t h r e e  poss ib l e  success ive  changes i n  t h e  environment 
p r i o r  t o  mechanlcal loading. That is, the  i n t e r n a l  stress state i n  t h e  
matrix of t h e  composite p r i o z  t o  loading a t  each of t h e  fou r  
environmental condi t ions ,  v i z ,  r o o m  temperature, d ry  (R'ID), e leva ted  
temperature ( lOO°C),  d ry  (El'D), room temperature, w e t  (RTW), and 
e leva ted  temperature (lOO"C), w e t  (ETW) is of i n t e r e s t .  The residual. 
stress r e s u l t s  w i l l  be presented  f i r s t ,  followed by t h e  p red ic t ed  
s t r e s s - s t r a i n  responses and i n t e r n a l  stress states for each type of 
mechanical loading. 
A d e t a i l e d  d i scuss ion  of t he  p red ic t ed  i n t e r n a l  stress states w i l l  
be  presented i n  the  remainder of t h i s  s e c t i o n  f o r  t h e  Hercules 2220-1 
toughened epoxy only. The base l ine  sys t em,  Hercules 3502, and t h e  
Fibredux 914 system both exh ib i t ed  much less toughness and s t r a i n  to  
f a i l u r e  than t h e  two Hercules 2220 systems. The l a t t e r  two sys tems w e r e  
very similar i n  t h e i r  response. Hence, t h e  2220-1 system w a s  a r b i t r a r i l y  
s e l e c t e d  f o r  d e t a i l e d  d i scuss ion  here.  The complete d a t a  p l o t s  f o r  t he  
o the r  t h ree  matrix systems,  i.e., Hercules 3502 and 2220-3, and Fibredux 
914, are included in Appendix E of Volume 11. 
Comparisons of a l l  fou r  sys tems w i l l  be presented i n  Sec t ion  5.5, 
along wi th  a gene ra l  d i scuss ion  of the  r e l a t i v e  merits of t hese  matrix 
materials f o r  use i n  composites. 
5.4.1 AS4/2220-1 Unid i rec t iona l  Composite 
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5.4?1.1 Eygrotheltlsal I n i t i a l  S t r e s s  S t a t e s  
The micromechanics computer program is  cur ren t ly  set up t o  pr in t  
out any combination of e igh t  d i f f e r e n t  q u a n t i t i e s  of in te res t  for any 
spec i f ied  so lu t ion  increment. These q u a n t i t i e s  are: octahedral  shear 
stress, octahedral  shear  s t r a i n ,  maximum p r inc ipa l  stress, minimum 
pr inc ipa l  stress, t h i r d  (intermediate) p r inc ipa l  stress, aamrimum shear  
stress, in t e r f ace  normal stress, and in t e r f ace  shear  stress. Since as 
many as 30 o r  40 increments may be involved i n  a t y p i c a l  computer run, a 
considerable amount of data is ava i l ab le  f o r  study. Emever, s i n c e  
a c t u a l  experimental da t a  are not y e t  ava i l ab le  for  cor re la t ion ,  only a 
representat ive sample of these ava i l ab le  a n a l y t i c a l  r e s u l t r  w i l l  be 
included here. 
5.4.1.1.1 Cooldown F r m  Curing Temperature 
Figure 83 presents  a l l  e igh t  q u a n t i t i e s  ava i l ab le  f o r  study, 
p lo t t ed  f o r  t he  matrix region around an ind iv idua l  AS4 graphi te  f iber .  
Since a square a r r ay  of f i b e r s  of c i r c u l a r  cross-sect ional  shape has 
been assumed here ,  symmetry e x i s t s  and only one quadrant of the 
repeat ing element cons is t ing  of a f i b e r  rnd square region of surrounding 
matrix need be shown. The q u a n t i t i e s  included i n  Figure 83 are f o r  the 
state ex i s t ing  i n  the 2220-1 mat r ix  a f t e r  the unid i rec t iona l  composite 
has been cooled down t o  room temperature (21°C) from the  177OC cure  
temperature, corresponding t o  a temperature change of -156°C. As the  
pr in tout  under the p l o t  ind ica tes ,  a t o t a l  of 16 temperature Increments 
were used to  achieve t h i s  t o t a l  temperature change. The matrix material 
propert ies  were adjusted a t  the beginning of each increment t o  account 
f o r  the changing material proper t ies  (presented i n  Figures 6Sb and 76b). 
The moisture content is zero, and no appl ied stresses are present.  The 
contour l i n e s  have not been smoothed f o r  presenta t ion  and are a d i r e c t  
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a) Octahedral Shear Stress  (ks i )  b) Octahedral Shear Strain (lo-’) 
c )  Maximum Principal Stress  (ksi) d )  Minimum Principal Stress  (ksi)  
Figure 8 3 .  AS4/2220-1 Graphite/E oxy Unidirectional Composite, 
Room Temperature, Dry (RTD); No Mechanical Loading. 
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U 
L. 
e )  Intermediate Principal Stress (ks i )  f) Paximum Shear Stress (ksi) 
g) Interface Normal Stress (ps i )  
8. 
h) Interface Normal Stress ( p s i )  
Figure 83 (continued). AS4/2220-1 Craphite/Epoxy Unidirectional 
Composite, Room Temperature, D r y  (RTD);  No Mechanical 
Loading. 
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output of t he  f i n i t e  element ana lys i s .  Smoothing can be  used i f  des i red .  
Figure 83a is a contour p l o t  of t he  oc tahedra l  shear  stress 
d i s t r i b u t i o n  i n  t h e  matrix. For re ference ,  t he  y i e l d  va lue  of t he  matrix 
oc tahedra l  shear  stress a t  the  room temperature, dry (RTD) condi t ion  
should be s t a t e d .  However, s i n c e  the  y i e l d  po in t  is not  well-defined f o r  
t h i s  matr ix  material (see Figure 76b), a y i e l d  value of 6.89 MPa (1000 
p s i )  w i l l  be a r b i t r a r i l y  chosen (a l l  of t he  stress contour p l o t s  t o  be 
included here  a r e  i n  English r a t h e r  than SI u n i t s ) .  As can be  seen i n  
Figure 83a, the  stress d i s t r i b u t i o n  is  symmetrical about t h e  4S0 
diagonal  (because of t h e  assumed square packing a r r a y  of the  f i b e r s ) .  
Also, t he  oc tahedra l  shear  stress i s  maximum a t  the  mid-distance between 
:he c l o s e s t  f i b e r  spacings,  i.e., along the  ho r i zon ta l  (x) axis and the  
v e r t i c a l  (y) axis .  Along the  4 5 O  diagonal  ( t h e  d i r e c t i o n  of f a r t h e s t  
f i b e r  spacing) ,  the stress is  the  lowest. Octahedral shear  stress is a 
quant i ty  of s p e c i a l  i n t e r e s t  s i n c e  t h i s  is  the  c r i t e r i o n  f o r  y i e l d  i n  
the  e l a s t o p l a s t i c  micromechanical a n a l y s i s  formulation. Octahedral shear  
stress can a l s o  be used as one poss ib l e  c r i t e r i o n  of matrix f a i l u r e  
(i.e., a d i s t o r t i o n a l  energy c r i t e r i o n ) .  
Since the  present  p l o t t i n g  rou t ine  only l a b e l s  contour va lues  which 
i n t e r s e c t  an ex te rna l  boundary, a list of a l l  contour va lues  p l o t t e d  is 
a l s o  given i n  the  p r in tou t  under each p lo t .  This  a l lows unlabeled 
contours  t o  be i d e n t i f i e d  should they occur. (None occur i n  Figure 80a.) 
No contours have been p l o t t e d  here  f o r  t he  f i b e r  region s ince ,  as 
previously discussed i n  Sect ion 5.3.2, the  f i b e r  has  been given 
a r b i t r a r i l y  high s t r e n g t h  proper t ies .  The analysis  and p l o t t i n g  rou t ine  
are f u l l y  capable of c a l c u l a t i n g  and p l o t t i n g  f i b e r  stresses, however. 
Figure 83b is  a contour p l o t  of the  oc tahedra l  shear  s t r a i n s .  Here, 
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also, the  max imum va lues  are i n  t h e  regions of closest f i b e r  spacing, 
and t h e  minimum values  i n  t h e  reg ions  of l a r g e s t  f i b e r  spacing. 
The maximum (most p o s i t i v e ) ,  minimum (most negat ive) ,  and t h i r d  
( intermediate)  p r i n c i p a l  stresses are p l o t t e d  i n  Figures  83c, 83d and 
83e, respec t ive ly .  Since the  temperature change by i t s e l f  does not  
induce longi tudina l  shea r  stresses, i n  these p a r t i c u l a r  p l o t s  t he  
maximum and minimum p r i n c i p a l  stresses are i n  the  x-y plane  ( the  
t ransverse  p lane) ,  and the  intermediate  p r i n c i p a l  stress i s  i n  the  
z-direct ion ( t h e  f i b e r  a x i s  d i r e c t i o n ) .  I n  general ,  however, t h i s  is not  
t r u e  ( i f  longi tudina l  shea r  stresses are present) .  l’he f u l l  computer 
p r in tou t  g ives  the  d i r e c t i o n  of each p r i n c i p a l  stress, wi th in  every 
f i n i t e  element. The h ighes t  stresses genera l ly  tend t o  occur i n  the 
regions of c l o s e s t  f i b e r  spacings;  t h i s  is  not  a lways  t rue ,  as Figures 
83c and 83e demonstrate. 
The maximum shear  stresses are p l o t t e d  i n  Figure 83f. Again, i n  t h e  
present  case of thermal loading only,  t h e  long i tud ina l  shear  stresses 
are zero and the  maximum shear  stress is i n  the  t ransverse  plane.  
Frequently i t  i s  the normal o r  shear  stress a t  the  f iber-matr ix  
i n t e r f a c e  which reaches a c r i t i c a l  va lue  f irst ,  and i n i t i a t e s  compositc 
f a i l u r e .  Thus, it is of i n t e r e s t  t o  p l o t  these q u a n t i t i e s .  Figure 83g is 
a p l o t  of t he  thermally induced normal stress d i s t r i b u t i o n  around t h e  
in t e r f ace .  Contour va lues  outs ide  the  i n t e r f a c e  i n d i c a t e  t e n s i l e  normal 
stress, and va lues  i n s i d e  the  i n t e r f a c e  i n d i c a t e  canpression. The 
i n t e r f a c e  normal stress i s  compressive i n  the  regions of c l o s e s t  f i b e r  
spacing due t o  the  matrix having a higher  thermal expansion c o e f f i c i e n t  
than the  f i b e r  and cont rac t ing  around the  f i b e r  during cooldawn. The 
d i s t r i b u t i o n  is not uniform, however, because of the square f i b e r  
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packing geometery. I n  f a c t ,  t h e  i n t e r f a c e  normal stress is t e n s i l e  i n  
the  region of t h e  45' diagonal. As can be seen, the h ighes t  
(compressive) normal stress is -36.1 MPa (-5237 p s i ) .  This is 
apprcximately 90 percent of the  (tensile) u l t i m a t e  stress f o r  t h i s  
matrix material a t  the  room temperature, d ry  (RTD) condi t ion  (see Figure 
65a). 
The shea r  stress dis t r ib*. i t ion a t  t h e  fiber-matrix i n t e r f a c e  is 
shown i n  Figure 83h. The shea r  stress is zero  a t  the  ho r i zon ta l  and 
v e r t i c a l  axes s y m e t r y ,  and passes through zero  a t  t h e  45" diagonal. The 
s i g n  change (change i n  d i r e c t i o n )  is not shqwn i n  the  p l o t  siace, when 
long i tud ina l  s h e a r  stresses are p resen t ,  t he  shea r  stress is genera l ly  
not  i n  the  t r ansve r se  plane.  I t  is necessary t o  r e f e r  t o  the  f u l l  
computer p r i n t o u t  t o  e s t a b l i s h  the d i r e c t i o n  of the  shea r  stress i n  t h i s  
case.  
5.4.1.1.2 Heating t o  100°C 
To s imula te  t h e  i n t e r n a l  stress s ta te  i n  the  mat r ix  i f  t he  
composite i s  t o  be t e s t e d  a t  a 100°C, d ry  (ETD) condi t ion ,  t he  
temperature can be incremented back up t o  100°C from the  room 
temperature, d ry  ( IUD)  condi t ion  of Figure 83. Se lec ted  r e s u l t s  are 
presented i n  Figure 84. For b rev i ty ,  only t h e  oc tahedra l  shea r  stress, 
maximum p r i n c i p a l  stress, i n t e r f a c e  normal stress and i n t e r f a c e  shea r  
stress p l o t s  a r e  included he re ,  although a l l  e i g h t  p l o t s  were a v a i l a b l e  
for study. As expected, the  stresses arc roughly ha l f  those of Figure 83 
s i n c e  the  temperature has been increased approximately half-way back t o  
the  s t r e s s - f r e e  cure  temperature of 177OC (and accounting f o r  t he  s l i g h t  
nonlinear response which occurred dur ing  t h e  i n i t i a l  cooldown t o  room 
temperature). 
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a) Octahedral Shear Stress (ksi) b) Maximum Principal Stress (ir??) 
c) Interface Normal Stress d) Interface Shear Stress 
Figure 8 4 .  AS4/2220-1 Graphite/Epoxy Unidirectional Composite, 
100°C, Dry (ETD) ; No Mechanical Loading. 
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5.4.1.1.3 Moisture Sa tu ra t ion  a t  Room Temperature 
This  environmental condi t ion  r ep resen t s  the  i n i t i a l  stress state 
p r i o r  t o  a rcom temperature,  w e t  (RTW) mechanics1 loading. Se lec ted  
r e s u l t s  f o r  oc tahedra l  shear  stress, maximum p r i n c i p a l  stress, minimum 
pr inc ipa l  stress, t h i r d  p r i n c i p a l  stress, i n t e r f a c e  normal stress, and 
i n t e r f a c e  shea r  stress are presented i n  Figure 85.  Here and i n  a l l  
subsequent f igu res ,  only s e l e c t e d  p l o t t e d  q u a n t i t i e s  w i l l  be presented. 
This  is done f o r  b rev i ty ;  a l l  e i g h t  q u a n t i t i e s  presented i n  Figure 83 
were ava i l ab le  f o r  i n t e r p r e t a t i o n  of a l l  r e s u l t s .  
By comparing the  r e s u l t s  of Figure 85 wi th  the  corresponding p l o t s  
of Figure 83  i t  can be seen  t h a t  the  a d d i t i o n  of moisture  has  a major 
in f luence  on the  i n t e r n a l  stress s ta te  i n  the  composite. For example, 
t he  oc tahedra l  shea r  stress, the  parameter assumed t o  govern the  onset  
of matr ix  y i e l d i n g  (and a poss ib l e  c r i t e r i o n  f o r  de f in ing  f a i l u r e ) ,  is 
decreased approximately 75 percent  by t h e  add i t ion  of moisture  (3.8 
percent  by weight t o  sa tu ra t ion ) .  Likewise, t h e  maximum p r i n c i p a l  stress 
is also decreased dras t ica l ly  (by about 65 percent ;  compare Figure 85b 
with Figure 83c) ,  while  the  minimum p r i n c i p a l  stress is decreased by 
more than 80 percent .  
I n  fac t ,  what has  happened is  t h a t  the  matr ix  swel l ing  assoc ia ted  
with the  moisture add i t ion  has  induced stresses of oppos i te  s i g n  and 
approximately the  same magnitude as those thermally induced by the  
matrix cont rac t ion  during cooldown from the  o r i g i n a l  cure  temperature. 
The same r e v e r s a l  can be  seen  i n  che i n t e r f a c e  normal stress 
(Figure 85e versus Figure 83g). Af te r  moisture  add i t ion ,  t he  i n t e r f a c e  
normal stress is much lower than t h a t  of t he  previously e x i s t i n g  thermal 
r e s i d u a l  stress. This  fact  a lone ,  independent of the  d i f f e r e n t  s t i f f n e s s  
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Figure 85. AS4/2220-1 Graphitr/Epoxy Unidirectional Composite, 
Room Temperature, 3.8 Percent Moisture (RTW); No 
Mechanical Loading. 
; 48 
e) Interface Normal Stress (psi) f) Interface Shear Stress (rsi )  
Figure 85 (continued). AS4/2220-1 Graphite/Epoxy Unidirectionel 
Composite, Room Temperature, 3.8 Percent Moisture (RTW); 
No Mechanical Loading. 
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and s t r eng th  properties of the  Hercules 2220-1 mat r ix  a t  room 
temperature w e t  and dry condi t ions  (as p r e v i m s l y  presented i n  Figuke 
65), insure  t h a t  t he  conposite w i l l  respond d i f f e r e n t l y  under subsequent 
mechanical loadings,  p a r t i c u l a r l y  t r ansve r se  n o m 1  loadings. 
5.4.1.1.4 Moisture Sa tu ra t ion  a t  100°C 
This environmental cond i t ioo  r ep resen t s  t h e  pre-existi7g stress 
sta; -2  the composite f o r  t he  e leva ted  temperature, w e t  (ETW) loadings 
t o  be subsequently presented. R e s u l t s  are ind ica t ed  i n  Figure 86. It 
w i l l  be noted t h a t  t he  stresses are of t h e  same gene ra l  magnitudes f o r  
t h i s  condition as f o r  t h e  RTD and t h e  RTW conditions.  This is because, 
as previously noted, %e stresses due t o  the  o r i g i n a l  cooldawn from t h e  
cure  temperature were of oppos i te  s i g n  from the  moisture-induced 
stresses. Thus, as  t h e  composite is reheated the  thermal cur ing  stresses 
become less, allowing t h e  moisture-induced stresses t o  more f u l l y  o f f s e t  
them. Hence, t he  very s l i g h t l y  lower n e t  stresses exh ib i t ed  i n  Figure 
86. 
I n  general ,  i t  i s  not poss ib l e  t o  j u s t  look a t  t he  magnitudes of 
t h e  ind iv idua l  stresses. Locations of maximum stresses must a l s o  be 
noted, s ince  the loca t ion  is d i f f e r e n t  under d i f f e r r n t  environmental 
conditioqs.  I n  t h i s  regard,  i t  is o f t e n  poss ib l e  t o  observe the  
i n t e r f a c e  normal stress as an  ind ica tor .  For example, i n  the  present  
case,  a t  the RTD condi t ion ,  t h e  h ighes t  i n t e r f a c e  normal stress is 
highly negative (Figure 83g). For t h e  RTW condi ion, i t  is st i l l  
negative,  but only s l i g h t l y  (Figure 85e), i n d i c a t i n g  t h a t  t he  moisture 
add i t ion  has not f u l l y  o f f s e t  t he  thermally-induced stress. A t  t h e  ETW 
conditior. (Figure 86e), t he  i n t e r f a c i  normal stress is p o s i t i v e ,  
ind ica t ing  t h a t  the  thermal stress relief due t o  the rehea t ing  t o  100°C 
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Figure 86. AS4/2220-1 Graphite/Epoxy Unidirectional Composite, 
100°C, 3.8 Percent Moisture (ETW); No Mechanical 
Loading. 
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Figure 86 (continued). AS412220-1 Graphite/Epouy dnidirectional 
Composite, 100°C, 3.8 Percent Moisture (ETW) ; No Mechanical 
Loading. 
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was sufficient to make the moisture influence the dominant effect. 
These interacting influences are nonlinear, since the matrix itself 
is nonlinear, and because the matrix stiffness properties are a 
nonlinear function of temperature. The result is a very complex 
interactive process, which can only be interpreted by a careful study of 
Figures 83 through 86. 
The key conclusion is, however, that these widely different 
pre-existing stress states due to the dif fere1.t environments can be 
expected to have a major influence on the subsequent response of the 
composite to mechanical loadings. 
5.4.1.2 Mechanical Loadings 
The predictions will te grouped in the following order: 
longitudinal tension, transverse tension, and longitudinal she,.x. First, 
the dry composite predictions will be given, at room temperature (21OC) 
and one elevated temperature ( lOO°C),  followed by the moisture-saturated 
composite predictions at the same two temperatures. In all cases, the 
thermal residual stress effects due to cooldown from the 177OC curing 
temperature to room temperature are included. For those cases where 
moisture is assumed to be present, the moisture swelling-induced stress 
effects are also included, as presented in Section 5.4.1.1 previously. 
5.4.1.2.1 Longitudinal Tension 
Since longitudinal tension stress-strain response of the composite 
is dominated by the graphite fiber, it is expected that there will be 
very little influence of either temperature or moisture. This is 
verified by comparing the four individual plots of Figure 87, which are 
all plotted to the same scale. The composite response is essentially 
linear, since the AS4 graphite fiber is assumed to exhibit linear 
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s t r e s s - s t r a i n  response t o  f a i l u r e .  The p red ic t ed  composite modulus is 
approximately 140 GPa (20.4 M s i ) .  
The p red ic t ed  u l t i m a t e  s t r e n g t h  is essent ia l ly  t h a t  p red ic t ed  by 
t he  r u l e  of mixtures. I n  o rde r  to  compare t h e  in f luence  of environmental 
preconditioning on t h e  l o c a l  i n t e r n a l  stress state i n  the  u n i d i r e c t i o n a l  
composite subjec ted  t o  long i tud ina l  tens ion ,  r e s u l t s  w i l l  be given f o r  
t he  same appl ied  stress i n  a l l  cases ,  v i z ,  2.20 GPa (320 k s i ) .  Figure 88 
is a p l o t  of t he  oc t ahedra l  shea r  stress, t h e  maximum p r i n c i p a l  stress, 
the  i n t e r f a c e  normal stress, and t h e  i n t e r f a c e  shea r  stress for t he  
long i tud ina l  loading a t  the  room temperature, d ry  (RTD) condition. 
Because of the  assumed square f i b e r  packing array, the  a x i a l  loading 
produces a symmetric stress d i s t r i b u t i o n  about t he  45O diagonal,  j u s t  as 
f o r  thermal and xechanical loadings. 
Figure 89 presents  the  corresponding set of p l o t s  f o r  t he  e l eva ted  
temperature, d ry  (ETD) condition. As expected, t h e  matrix stresses are 
not as  high as f o r  t he  RTD condition, even though the composite is 
car ry ing  the  same t o t a l  stress. This  i s  because t h e  mat r ix  stresses were 
re l i eved  somewhat by t h e  temperature increase t o  100°C p r i o r  to loading 
( a s  can be seen by comparing Figure 84  t o  Figure 83). 
The room temperature, w e t  (RTW) condi t ion  is shown i n  Figure 90. I t  
will be noted t h a t  t he  matrix stresses are increased when t h e  a x i a l  
loading is appl ied ,  bu t  not d r a s t i c a l l y .  For example, t he  h ighes t  
oc tahedra l  shea r  stress is increased  from 8.4 MPa (1.22 k s i )  t o  37.7 MPa 
(5.47 k s i )  and the h ighes t  maximum p r i n c i p a l  stress is increased  from 
18.6 MPa (2.69 k s i )  t o  84.5 MPa (12.25 k s i ) ,  b u t  t he  maximum i n t e r f a c e  
normal stress is only increased from -6.6 MPa (-962 p s i )  t o  -19.0 MPa 
(-2755 p s i ) .  This i nc rease  i n  the  i n t e r f a c e  normal stress is due t o  t h e  
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Poisson-induced con t r ac t ion  i n  the  matrix being g r e a t e r  than t h a t  i n  the  
f i b e r ,  thus adding a d d i t i o n a l  compression t o  t h a t  already e x i s t i n g  a t  
the fiber-matrix i n t e r f a c e .  I f  t h e  app l i ed  loading ha6 been compressive, 
t he  i n t e r f a c e  compressive noma1  stress would have decreased and, i n  
f a c t ,  have become t e n s i l e ,  perhaps even s u f f i c i e n t  t o  have caused 
i n t e r f a c e  debonding. This  would lead  t o  f i b e r  microbucicling, a commonly 
observed phenomenon i n  compression when t h e  ind iv idua l  f i b e r s  became 
unsupported by the  surrounding matrix. 
Due t o  the  pre-ex is t ing  hygrothermal stress s t a t e ,  the mechanical 
loading does not produce l o c a l  stresses in d i r e c t  proportion t o  the  
magnitude of t he  appl ied  loading. This is  demonstrated i n  Figures 91 and 
92. These f i g u r e s  represent  a x i a l  t e n s i l e  loading a t  the  ETW condition. 
Figure 9 1  i n d i c a t e s  the  l o c a l  stress s t a t e  i n  the  matr4-: a t  
approximately one-fourth t h e  u l t ima te  ax ia l  stress (e.g., 0.55 GPa o r  80 
k s i ) ,  while Figure 92 i n d i c a t e s  the  stress state a t  the f u l l  2.20 GPa 
(320 k s i ) .  It w i l l  bts noted (Figure 9 1  compared t o  Figure 92a) t h a t  t he  
normalized oc tahedra l  shea r  stress has  increased  by only a f a c t o r  of 
3.2, even though the  appl ied  loading w a s  increased by a f a c t o r  of 4. 
This stress a c t u a l l y  decreased s l i g h t l y  during t h e  f i rs t  0.55 CPo of 
a x i a l  t e n s i l e  loading (compare Figure 92a t o  Figure 86a). 
Correspondingly, the  maximum p r i n c i p a l  stress increased  by a f a c t o r  of 
4.8. 'The i n t e r f a c e  stresses a c t u a l l y  decreased as t h e  appl ied  loading 
increased, aga in  due t o  Poisson e f f e c t s .  
The conclusion is t h a t ,  even though the  f i b e r  may tend t o  govern 
the  un id i r ec t iona l  composite a x i a l  s t r e n g t h  somewhat independently of 
t he  environmental condi t ion ing ,  t he  l o c a l  s t r e s s e s  i n  the  matrix are 
s t rongly  influenced. Thus, under c e r t a i n  cond i t ions ,  d matrix f a i l u r e  
162 
a) Octahedral Shear Stress ( P s i )  b )  Maximum Fr-incipal Stress (ksi) 
c )  Interface Normal Stress !:si) d) Tnterface Shear Stress (psi) 
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lOOOC, 3.8 Percent Moisture (ETW); 3.20 CPa (320 ksi) 
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could i n i t i a t e  composite f a i l u r e  p r i o r  t o  f i b e r  f a i l u r e .  
5.4.1.2.2 Transverse Tension 
The predicted transverse tensile stress-strain response of the 
u n i d i r e c t i o n a l  AS4f2220-1 composite is indica ted  i n  Figure 93, for each 
of t he  fou r  environmental condi t ions  assumed. As previously discussed, 
no attempt was made to  p r e d i c t  u l t imate  s t r e n g t h ,  since a s p e c i f i c  
f a i l u r e  criteria) is geneta l ly  n o t  a v a i l a b l e  wi th in  t h e  composite 
mater ia l s  community a t  t h i s  t i m e  and few experimental  data f o r  t h e s e  
composites are a v a i l a b l e  for  c o r r e l a t i o n  purposes. Crack propagation a t  
t h e  micro level was not  included here. Nevertheless,  t h e  r e s u l t s  
t y p i f i e d  by Figure 93 i n d i c a t e  t h e  inf luence of environmental conditions 
on s t i f f n e s s  p r o p e r t i e s  and i n d i c a t e  t h e  degree of nonl inear  response 
induced by t h e  nonlinear behavior of t h e  matr ix  Laterial. 
The decrease in composite t ransverse  s t i f f n e s s  wi th  increasingly 
severe environmental condi t ions  is evident  by comparing t h e  s lopes  of 
t h e  s t r e s s - s t r a i n  p l o t s  i n  Figure 93. Very l i t t l e  composite nonl inear i ty  
is  exh ib i t ed ,  (although t h e r e  is some, p a r t i c u l a r l y  a t  t h e  mor? severe  
environmental condi t ions,  e.g., Figure 93d), even though the  aa t r ix  
response is c l e a r l y  i n  t h e  nonl inear  range i n  l o c a l  regions of t he  
composite. This can be  seen  by s tudying t h e  i n t e r n a l  stress state i n  t b ?  
matrix mater ia l .  Since no c rack  propagation or f a i l u r e  c r i t e r i o n  w a s  
u t i l i z e d ,  i t  w a s  poss ib le  t o  increase  t h e  appl ied  t ransverse  loading t o  
any l e v e l  desired.  An u n r e a l i s t i c a l l y  high appl ied  t ransverse  t e n s i l e  
stress af 97 MPa (14 k s i )  was s e l e c t e d ,  r e a l i z i n g  t h a t  t h i s  is probably 
higher than t h e  a c t u a l  Composite w i l l  be  capable of sus ta in ing .  In t h i s  
way, thc s t r e s s - s t r a i n  curves (Figure 93) are sure t o  cover the  f u l l  
range of a c t u a l  material response. However, by applying such high 
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loadings,  it must be r e a l i z e d  t h a t  t h e  magnitudes of t h e  p red ic t ed  
i n t e r n a l  stresses w i l l  be u n r e a l i s t i c a l l y  high. In  t h i s  p re sen ta t ion ,  i t  
is the  genera l  t rends  which are important. 
Figure 94 i n d i c a t e s  t h e  i n t e r n a l  stress state for t h e  RTD 
condi t ion ,  a t  an  app l i ed  t r ansve r se  stress of only 27.6 MPa (4 k s i ) .  A 
low appl ied  stress w a s  d e l i b e r a t e l y  s e l e c t e d  so t h a t  a l l  matrix systems, 
a t  a l l  environmental condi t ions ,  could be compared a t  the same app l i ed  
loading, without having some sys tems f a i l  prematurely. This  loading is 
appl ied  i n  the  h o r i z o n t a l  or x-direction i n  Figure 54 rnd  subsequent 
f igu res .  The l o c a l  stress d i s t r i b u t i o n  i s  thus unsymmetrical. The 
highes t  oc tahedra l  shea r  stress occurs along the  y-axis, even though two 
of the  th ree  p r i n c i p a l  stresses are t h e  h ighes t  a t  t he  i n t e r f a c e ,  w e l l  
away from e i t h e r  a x i s .  The high m a x i m u m  shea r  stress (Figure 94f) 
c o n t r o l s  t he  oc tahedra l  shea r  stress i n  t h i s  case. The i n t e r f a c e  normal 
stress is a l s o  very high. Considering t h a t  t h e  experimentally measured 
u l t i m a t e  t e n s i l e  stress for this 2220-1 m a t r i x  w a s  less than 41  MPa (6 
k s i )  as given i n  Figure 65a),  t h e  mat r ix  is probably beyond a c t u a l  f i r s t  
f a i l u r e  (microcracking) even a t  t h i s  low app l i ed  stress. The composite 
would not be expected t o  s u s t a i n  t h e  h igh  stresses ind ica t ed  i n  Figure 
94a before microcracking and f a i l i n g .  
Figure 95 inc ludes  the  t ransverse  t e n s i l e  loading p l o t s  f o r  t he  ETD 
condir.ion. The response is  similar t o  t h a t  f o r  t he  RTD condi t ion  
ind ica ted  i n  Figure 94. 
The 2 l o C ,  3.8 weight percent moisture content (RTW) condi t ion  is 
indica ted  i n  Figure 96. T h e  h ighes t  oc tahedra l  shea r  s t r e s s  is only 
about 36 percent as high as f o r  t h e  KTD case (Figure 96a versus  Figure 
94a) and i t  occurs a t  a s l i g h t l y  d i f f e r e n t  l oca t ion ,  v i z ,  a t  t he  
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Figure 95. AS4/2220-1 Craphite/Epoxy Unidirectional Composite, 
100°C, Dry (ETD); 2 7 . 6  MPa (4 ksi) Transverse Tensile 
Applied Stress. 
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fiber-matrix i n t e r f a c e  as compared t o  i n  t h e  m a t r i x  along the  y-axis. 
This d i f f e rence  is  r e f l e c t e d  i n  the  d i s t r i b u t i o n  of i n t e r f a c e  stresses 
a l so .  
To i n d i c a t e  t h e  inf luence  of t h e  level of loading,  r e s u l t s  f o r  a 
low and high appl ied  stress l e v e l  are given i n  Figures 97 and 98, 
respec t ive ly ,  f o r  the  ETW condi t ion.  A t  t he  l o w  appl ied  stress l e v e l  
(27.6 MPa o r  4 k s i ) ,  t he  hygrothermal stresses (Figure 85)  s t i l l  are 
s i g n i f i c a n t .  However, a t  97 MPa (14 k s i )  t he  nechanical  loading 
dominates. Because of t h i s ,  i t  w i l l  be  noted t h a t  t he  l o c a l  stresses do 
not increase  i n  d i r e c t  proport ion t o  the  level of t ransverse  loading. 
For example, even though the  appl ied  stress has  been increased by a 
f a c t o r  of 3.5 between Figures 97 and 98, the  oc tahedra l  shea r  stress is 
only about 2.2 times higher .  This  is due t o  the  r a d i c a l  d i f f e rences  i n  
the changes of the  p r i n c i p a l  stresses. The h ighes t  maximum p r i n c i p a l  
stress increases  by a f a c t o r  of only 3.1, bu t  t he  o the r  two p r i n c i p a l  
stresses increase  more dramatical ly  i n  t h i s  same region. This causes  a 
higher  hydros t a t i c  stress component t o  be developed, which does not  
con t r ibu te  t o  the  oc tahedra l  shea r  stress ( d i s t o r t i o n a l  energy) level. 
The s p e c i a l  s i g n i f i c a n c e  of t h i s  is i n  terms of f a i l u r e  c r i te r ia .  
For example, i n  the  present  case, a meximum normal stress c r i t e r i o n  
would p red ic t  f i r s t  f a i l u r e  of  the  composite a t  much lower t ransverse  
normal t e n s i l e  loadings than a d i s t o r t i o n a l  energy c r i t e r i o n .  The 
present  micromechanics r e s u l t -  should be  very u s e f u l  i n  the  f u t u r e  i n  
e s t ab l i sh ing  s u i t a b l e  f a i l u r e  c r i te r ia  f o r  composites. 
5.4.1.2.3 Longi tudinal  Shear 
Longitudinal shear  is  def ined as the  loading which induces shear  
stresses p a r a l l e l  t o  the  f i b e r s  i n  the  u n i d i r e c t i o n z l  composite. Axial 
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Figure 97. AS4/2220-1 Graphite/Epoxy h i d i r e c t i o n a l  Composite, 100°C, 
3 . 8  Percent Moisture (ETW); 27.6 HPa (4 k s i )  Transverse 
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Figure 97 (coiitinued) . AS4/2220- 1 Graphite/Epoxy Unidirectional 
Composite, 100°C, 3.8 Percent Moisture (E"d); 27.6 MPa 
( 4  k s i )  Transverse Tensile Applied Stress. 
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Figure 98. AS4/ 2220-1 Grsphi te/Epoxy Unidirectional Composite, 
100°C, 3 . 8  Perccnt Hoisture (RTW); 97 MPa (14 ksi) 
Transverse Tens* l e  Applied Stress. 
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Figure 98 (continued). AS4/2220-1 Graphite/Epoxy Unidirectional 
Composite, 100°C, 5.8  Percent Moisture (ETW); 97 MPa 
(14 ksi) Transverse Tensile Applied Stress. 
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and transverse normal loadings induce in-plane shear sLresses, i . e . ,  
skear stresses across the fibers (‘tXJ), but no shear stresses parallel 
to the fibers (‘txz or ‘t shear stress 
only will be assumed to be applied to the composite. This is 
representative of the stress in a unidirectionally reinforced composite 
solid rod or thin-walled tube of circular cross section (with the fibers 
oriented along the length of the specimen) subjected to torsion, or a 
thin-walled, hoop-wound tube in torsion, or the in-plane shear stress 
induced in an individual ply of a laminate due t o  ply coupling effects. 
- 
). In the present examples, a T YZ xz 
Even more than transverse tensile loading, shear loading response 
of a unidirectional composite is very sensitive to the matrix response. 
This is graphically demonstrated in Figure 99, a set of four shear 
stress-shear strain plots representing the four environmental 
preconditions being considered. Figure 99a, viz, the room temperature, 
dry (RTD) condition, indicates only a slignt degree of composite 
nonlinear response, and relatively low strain levels. At 100°C, dry 
(Figure 99b), the nonlinearity is much greater, as is the shear strain 
for an equal stress level. At the room temperature, wet (RTW) condition 
(Figure 99c), the response is somewhat comparable to the RTD condition. 
The combined effects of temperature and moisture (ETW), represented in 
Figure 99d, result in very high strains. None of this composite material 
shear response is particularly surprising, when the matrfx shear 
stress-shear strain curves arc considered (Figure 65b). The 
Unidirectional composite shear response, being highly matrix-dominated, 
follows the unreinforced matrix shear response. 
Th, :.ernal stress state in the composite will be shear-dominated, 
of cw’rse, when a shear loading is a?plied. It con be expected that he 
I 80 
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a) Room Temperature, Dry (RTD) 
Figure 99. AS4/2220-1 GraphitejEpoxy Unidirectional 
Composfte, Longitudinal Shear Stress-Strain 
Response. 
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b) Elevated Temperature (lOO°C), Dry (ETD) 
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Figure 99 (continued). AS4/2220-1 Graphite/Epoxy 
Unidirectional Composite, Longitudinal 
Shear Stress-Strain Response. 
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Figure 99 (continued). AS4/2220-1 Graphite/Epoxy 
Unidirectional Composite, Longitudinal 
Shear Stress-Strain Respmse. 
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d) Elevated Temperature (lOO°C), 3.8 Percent Moisture 
( E r n )  
Figure 99 (continued). AS412229-1 Graphite/Epoxy 
Unidirectional Composite, Longitlidinal 
Shear Stress-Strain Response. 
maximum and minimum p r i n c i p a l  stresses a t  a po in t  w i l l  be  close i n  
magnitude and opposi te  i n  s ign ,  and the t h i r d  p r i n c i p a l  stress w i l l  be  
small. This  is  borne ou t  by the  stress contour  p l o t s .  Figure 100 
represents  t he  RTD condi t ion.  By corrparing Figure 100 wi th  Figure 83 
( the  RTD i n t e r n a l  stress s ta te  p r i o r  t o  shea r  loading) ,  i t  w i l l  be noted 
t h a t  t he  maximum and m i n i m u m  p r i n c i p a l  stresses have increased 
s i g n i f i c a n t l y ,  while t he  t h i r d  p r i n c i p a l  stress has  changed very l i t t l e .  
The i n t e r f a c e  normal stress changes l i t t l e ,  s i n c e  l i t t l e  Poisson 
coupling i n  pure shear  e x i s t s  between the  an i so t rop ic  f i b e r  and the  
surrounding matr ix .  However, t he  s h e a r  stress a t  the  i n t e r f a c e  changes 
completely, becoming very l a r g e  i n  t h e  region of minimum f i b e r  spacing 
i n  the  x-direct ion ( s ince  a f shea r  stress is be ing  appl ied) .  
XZ 
A t  the  ETD condi t ion ,  t he  pre-exis t ing stresses are l o w  and, hence, 
have l i t t l e  inf luence  on the  subsequent shea r  loading response. These 
r e s u l t s  are preseczed i n  Figure 101. A t  t h e  RTW condi t ion  (Figure l o ? ) ,  
t he  appl ied  s h e a r  stresses a l s o  tend to dominate the  pre-exis t ing 
s cresses. 
A t  the  ETW coridition, t h e  l a r g e  r e s i d u a l  stresses play a more 
s i g n i f i c a n t  ro le .  For t h i s  condi t ion ,  two appl ied  shea r  stress l e v e l s  
are presented i n  Figures 103 and 104. A t  the  appl ied  shea r  stress of 
27.6 MPa (4 k s i )  represented i n  Figure 103, the  pre-exis t ing 
hygrothermal stresses are st i l l  of the  same magnitude as the stresses 
induced by the  - r  ' ,ed shea r  loading. A t  an appl ied  shea r  stress of 55.2 
MPa (8 k s i )  , t he  sitear loading-inauced stresses c l e a r l y  dominate; t he  
d i s t r i b u t i o n  of t he  oc tahedra l  s h e a r  stress and the  maximum and minimum 
p r i n c i p a l  stresses become much more uniform due t o  the  ex tens ive  p l a s t i c  
deformation ol t h e  matr ix  material a t  the  high shear  stress l eve l s .  This 
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a) Octahedral Shear Stress (ksi) 
12.'" 1.11 
c) Minimum Principal Stress (ksi) 
b) Maximum Principal Stress iksi) 
d )  Intermediate Principal Stress 
Figure 100. AS4/2220-1 Graphite/Epoxy Unidirectional Composire, Room 
Temperature, Dry (RTD); 27.4 MPa (4 ksi) Longitudinal 
Shear Applied Stress. 
I Hh 
e) I n t e r f a c e  Normal S t r e s s  ( p s i )  
L 
f )  Interface Shear S t r e s s  ( p s i )  
Figure 100 (cont inued) .  AS4/2220-1 Craphite/Epoxy U n i d i r e c t i o n a l  
Composite, Room Temperature, Dry (RTD); 2 7 . 4  MPa ( 4  k s i )  
Longi tudinal  Shear Applied S t r e s s .  
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a) Octahedral Shear Stress (ksi) b) Maximum Principal Stress (ksi) 
c) Minimum Principal Stress (ksi) d) Intermediate Principal Stress 
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Figure 1 0 1 -  AS4/2?20-1 Craphite/Epoxy Unidirectional Composite, 
100°C, Dry (Em) ; 27.4  MPa (4 ksi) Longitudinal Shear 
Applied Stress. 
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e) Interface Normal Stress (psi) 
I. 
f )  Interface Shear Stress (psi) 
Figure 101 (continued). AS4/2220-1 Graphite Epoxy Unidirectional 
Composite, 100°C, Dry (ETD); 27.4 MPa (4 ksi) Longitudinal 
Shear Applied Stress. 
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a) Octahedral Shear Stress ( k s i )  b) Maximum Principal Stress ( k s i )  
.a .u  .n 
c) Minimum Principal Strest, ( k s i )  d) Intermediate Principal Stress 
( k s i )  
Figure 102 . AS412220-1 Craphite/Epoxy Unidirectional Composite, Room 
Temperature, 3.8 Percent Moisture (RTW); 27.4 MPa (4 k a i )  
Longitudinal Shear Applied Streis. 
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e )  Interface Norm1 Stress (ps i )  f )  Interface a A r t d r  Stress  (ps i )  
Figure 102 (continued). AS4/2220-1 Graphite/Epoxy Unidirectiopsl 
Composite, Room Temperature, 3 .8  Percent &€stuxe (RTW); 
2 7 . 4  MPa (4 k s i )  Longitudinal Shear Applied Stress. 
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Figure 103. AS4/2220-1 Graphite/Epoxy Unidirectional Composite, 
100°C, 3.8 Percent Moisture (ETW); 27.4 MPa ( 4  h i )  
Longitudinal !;hear Applied Stress. 
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e)  Interface Normal Stress (psi) f) Interface Shear Stress (psi) 
Figure 103 (continued). AS4/2220-1 Craphite/Epoxy Unidirectional 
Coeosite, IOOOC, 3.8 Percent Moisture (ETW); 27.4 MPa 
(4 ksi) Longitudinal :;hear Applied Stress. 
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b) Maximum Principal Stress 
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d) Intermediate Principal Stress 
(ksi) 
Figure 104. AS4/2220-1 Graphite/Epoxy Unidirectional Composite, 
100°C, 3.8 Percent Moisture (ETW); 55.2 NPa (8 h i )  
Longitudinal Shear Applied Stress. 
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e) Interface Normal Stress (psi) f )  Interface Shear Stress (psi) 
Figure 144 (continued). $S4/2220-1 Graphitehpoxy Unidirectional 
Composite, 100 C, 3.8 Percent Moisture (ETW); 55.2 W a  
(8 ksi) Longitudinal Shear Applied Stress. 
195 
is f u r t h e r  i nd ica t ed  by t he  s i g n i f i c a n t  increase i n  the  third p r i n c i p a l  
stress (compare Figure 104d to  Figure 103d). 
While the  somewhat ex tens ive  r e s u l t s  and d i scuss ion  presented here 
f o r  t he  AS4/2220-1 u n i d i r e c t i o n a l  composite system may appear  to be  very 
de t a i l ed ,  much more can  and should still  be done s tudying  t rends.  This 
work w i l l  b e s t  await t h e  a v a i l a b i l i t y  of a c t u a l  u n i d i r e c t i o n a l  composite 
da ta  t o  compare p red ic t ions  to. These correlations w i l l  be performed in 
a subsequent e f f o r t  . 
I n  the  fol lowing Sec t ions  5.4.2. through 5.4.4, the  same d a t a  €or 
the  3502. 2220-3, and 914 matr ix  systems w i l l  be presented,  bu t  without  
d e t a i l e d  discussion.  I n  Sect ion 5.5, relative comparisons of t h e  
vred ic t ions  f o r  a l l  fou r  matr ix  systems i n  a u n i d i r e c t i o n a l  AS4 g r a p h i t e  
f iber-reinforced composite w i l l  be presented and d2scussed. 
5.4.2 AS4/3502 Unid i rec t iona l  Composite 
Hercules 3502 untoughened epoxy matrix was sonsidered t h e  baseline 
s y s t e m  i n  t h i s  study. The un id i r ec t iona l  c m p o s i t e  stress-strcin curvcs 
arc presented here;  p l o t s  of i n t e r n a l  stress states are presented i n  
Appendix El of Voiiifie 11. 
Figure SO5 presezm t h e  pred ic ted  u n i d i r e c t i o n a l  AS4/3502 composite 
a x i a l  tensile s t r e s s - s t r a i n  response f o r  each of t he  fou r  environmental 
condi t ions.  As previously ezbserved f o r  the  AS/2220-1 systeia (see Figure 
87), as ia l  loading response is dominated by the  f fbe r .  Hence, the 
coat.)osite s t r e s s - s t r a i n  response a t  a1 1 four  environmentet condi t ions  is 
e s s e n t i a l l y  the  same. However, i h e  i n t e r n a l  stress states are not ,  as 
indica ted  i u  F i g d e s  E5 through E9 of Appendix El of Volume X I .  
The t ransverse  t e n s i l e  stress-strain p l o t s  are shown i n  Figure 106. 
There is onlv a s l i g h t  decrease i n  modulus w i t h  i uc reas in ly  severe  
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a) Room Temperature, Dry (RTD) 
Figure 105, AS4/3502 Graphite/Epoxy Unidirectional 
Composite, Longitudinal Tensile Stress- 
Strain Response. 
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"igure 105 (continued). AS413502 Graphlte/Epoxy 
Unidirectional Composite, Longitudinal 
Tensile Stress-Strain Response. 
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Figure 105 (continued). AS4/3502 Graphite/Epoxy 
Unidirectional Composite, Longitudinal 
Tensile Stress-Strain Response. 
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d) Elevated Temperature ( 100°C), 5.0 Percent Moisture 
(Ern) 
Figure 105 (continued). AS4/3502 Graphite/Epoxy 
Unidirectional Composite, Longitudinal 
Tensile Stress-Strain Response. 
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Figure 106. AS4/3502 GraphiteIEpoxy Unidirectional 
Composite, Transverse Tensile Stress-Strain 
Response. 
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b) Elevated Temperature (lOO°C), Dry (ETD) 
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Figure 106 (continued). AS4/3502 Graphite/Epoxy 
Unidirectional Composite, Transverse 
Tensile Stress-Strain Response. 
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c) Room Temperature, 5.0 Percent Mcisture (RTW) 
Figure 106 (continued). AS4/3502 Graphite/Epoxy 
Unidircctfonal Composite, Transverse 
Tensile Strese-Strain Response. 
203 
76 
8 
d) Elevated Temperature (lOO°C), 5.0 Percent Moisture 
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Figure 106 (continued). AS4/3502 Graphite/Epoxy 
Unidirectional Composite, Transverse 
Tensile Stress-Strain Response. 
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environmental conditioning, as a comparison of che four plots of Figure 
106 indicates. The degree of nonlinearity is also not pronounced, even 
up to the artificially high applied stress levels. The corresponding 
internal stress states are shorm in Figures E10 through E14 of Appendix 
El of Volume 11. In addition to the plots for the baseline comparison 
load level of 27.6 MPa (4 ksi), the stress states at the highest applied 
stress indicated in Figure 106d for the ETU condition are also included 
(Appendix Figure E14). This environmental condition maximizes the 
inelastic response effects, although they are very slight for the 3502 
matrix material (see, for example, Figure 64b). 
Longitudinal shear stress-shear strain plots for tne AS413502 
unidirectional composite system are given in Figure 107 for ail four 
environzental conditions. Considerable nonlinearity is exhibited at all 
conditions, but it must be kept in mind that the fa'lure stresses in 
actual composites would be somewhat lower than the levels indicated in 
Figure 106. For example, the 3502 matrix itself has a shear strcngth of 
only 41 to 69 MPa (6 to 10 ksi), depending on the environmental 
condition (see Figure 64b). Thus, the degree of nonlinearity exhibited 
in Figure 107 would not be exhibited in actual exyximental data; the 
composite would be expected t o  fail at lower stress levels. The 
predicted internal stress states are included in Figures E15 ttrough E19 
of Appendix El of Volume 11. 
5.4.3 AS4/2220-3 Unidirectional Composite 
The Hercules 2220-3 toughened epoxy exhibited properties very 
similar to the 2220-1 system (e.g., compare Figures 65 and 66). One 
significant difference, however, was the experimentally measured 
coefficient of moisture expansion. The 2229-1 system was measured as 
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a) Room Temperature, Dry (RTD) 
Figure 107. ASr/3502 Craphite/Epoxy Unidirectional 
Composite, Longitudinal Shear Stress- 
Strain Response. 
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bi Elevated Temperature (lOO°C), Dry (ETD) 
Figure 107 (continued). AS4/3502 Graphite/Epoxy 
Unidirectional Composite, Longitudinal 
Shear Stress-Strain Response. 
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Figure 107 (continued). AS4/3502 Graphlte/Epolsy 
Unid irec t lonal Compos1 te , Long1 tud h a 1  
Shear Stress-Strain Response. 
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Unidirectional Composite, Longitudinal 
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1.547 x per weight percent moistuze absorption (i.e., per %M), 
vhile the 2220-3 value w a s  2.499 x 10-3/~. These two values bounded 
those measured for the 35GL and 914 systems (see Table 4 of Section 3). 
At present it is not known with certainty that these values are correct. 
Further I oisture expansion Lesting should be conducted to verify these 
values. Experimental data are not yet available for correlation 
purposes. However, the present comparisons between the predicted 
AS4/2220-1 and AS4/2220-3 unidirectional composite systems can be very 
useful in demonstrating the influence of matrix coefficient of moisture 
expansion, since all other parameters are very similar for these two 
systems. 
The internal stress states due to the thermal- and moisture-induced 
preconditionings are indicated in Figures E20 through E23 of Appendix E2 
of Volume 11. By comparing these results with those of Figures 83 
through 85 for the AS4/2220-1 composite, it will be noted that there are 
significant differences in the thermal stress states (i.e., in the RTD 
and ETD values). These results are not influenced by differences in the 
matrix moisture expansion coefficient values. While the gross response 
of the 2220-1 and 2220-3 systems appears to be very similar (Figure 65 
versus Figure 6 6 ) ,  there actually are definite differences (in addition 
to the coefficient of moisture expansion) which influence the local 
stress states and hence composite strength. 
Longitudinal tensile stress-strain curves for the AS4/2220-3 
unidirectional composite predicted by the micromechanics analysis for 
all four environmental conditions are given in Figure 108. Matrix or 
environment has little influence on this fiber-dominated response for 
any of the matrix systems. The corresponding internal stress states are 
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Figure 108. AS4/2220-3 Graphite/Epoxy Unidirectional 
Composite, Longitudinal Tensile Stress- 
Strain Response. 
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b) Elevated Temperatures (lOO°C), Dry (Em) 
Figure 108 (continued). AS4/2220-3 Graphite/Epoxy 
Unidirectional Composite, Longitudinal 
Tensile Stress-Strain Response. 
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c) Room Temperature, 4.0 Percent Moisture (RTW) 
Figure 108 (continued). AS412220-3 Graphite/Epoxy 
Unidirectional Composite, Longi tud inal 
Tensile Stress-Strain Response. 
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(Ern) 
Figure 108 (continued). AS4/2220-3 Graphite/Epoxy 
Unidirectional Composite, Longitudinal 
Tensile Stress-Strain Response. 
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shown in Figures E24 through E28 of Appendix E2 of Volume 11. Here the 
differences between dry and wet conditions are significant because of 
the large value of matrix coefficient of moisture expansion. 
The transverse tensile stress-strain responses of the AS412220-3 
unidirectional composite is presented in Figure 109 for each of the four 
environmental conditions. The corresponding internal stress states are 
plotted in Figures E29 through E33 of Appendix E2 of Volume 11. As 
indicated in Figure 109, the AS412220-3 composite exhibits only a slight 
degree of stress-strain nonlinearity even at the most severe 
environmental condition, i.e., ETW. 
Longitudinal shear stress-shear strain curves are plotted in Figure 
110, for all four environmental conditions. The nonlinearity is 
significant, even at the RTD conditions. The extent of inelastic 
deformation at the local level is indicated in the micromechanics plots 
of Figures E34 through E38 of Appendix E2 of Volume 11. 
5.4.4 AS4/914 Unidirectional Composite 
The Fibredux 914 toughened epoxy matrix exhibited properties 
similar to those of the untoughened Hercules 3502 (compare Figure 67 to 
Figure 6 4 ) .  However, there was a significant difference in the measured 
coefficients of thermal expansion in the dry condition (see Table 3 of 
Section 3 ) .  The 914 syster. wa~. similar in this property to the two 2220 
systems. However, at the moisture-saturated ccndition this difference 
disappeared. Since a high degree of confidence in the present thermal 
expansion measurements exists, particularly in the dry condition, this 
response appears to be real, although unexpected. 
This large difference in coefficient of thermal expansion between 
the 914 system and t h e  3502 system i;uarantces large differences in 
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Figure 109. AS412220-3 GraphiteIEpoxy Unidirectional 
Composite Transverse Tensile Stress-Strain 
Response. 
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Figure I09 (continued). AS4/2220-3 Craphite/Epoxy 
Unidirectional Composite Transverse Tensile 
Stress-Strain Response. 
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Figure I09 (continued). AS4/2220-3 Graphite/Epoxy 
Unidirectional Composite Transverse Tensile 
Stress-Strain Response. 
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Figure 109 (continued) . AS4/2220-3 Graphite/Epoxy 
Unidirectional Composite Transverse T e n s i l e  
Stress-Strain Response. 
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Figure 110. AS4/2220-3 Craphite/Epoxy Unidirectional 
Composite, Longitudinal Shear Stress- 
Strain Response. 
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Figure 110 (continued). AS4/2220-3 Graphite/Epoxy 
Unidirectional Ccrtposite, Longitudinal 
Shear Stress-Strain Response. 
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Pigtlre 110 (continued). AS4/2220-3 Graphite/Epoxy 
Unidirectional Composite, Longltudinal 
Shear Stress-Stra3.n 2esponse. 
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Figure 110 (continued). AS4/2220-3 Graphite,Spoxy 
Unidirectional Composite, Longitudinal 
Shear Stress-Strain Response. 
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composite response, independent of any o t h e r  d i f f e rences .  There were 
o t h e r  d i f f e rences  although not  as pronounced. 
The pred ic t ed  i n t e r n a l  stress states f o r  t h e  f a u r  d i f f e r e n t  
environmental condi t ions  are ind ica t ed  i n  Figures E39 through E42 of 
Appendix E3 of Volume 11. The h igher  thermal expansion c o e f f i c i e n t  of 
t he  Fibredux 914 matrix r e l a t i v e  t o  t h e  Hercules 3502 matrix r e s u l t s  i n  
h ighe r  thermal stresses, as can be  seen by comparing Figures  E39 and E40 
to  Figures E l  and E2. The matrix moisture expansion c o e f f i c i e n t s  were 
not  as d i f f e r e n t  (see Table 4 of Sec t ion  3). The 914 va lue  w a s  about 10 
percent higher.  However, s i n c e  t h e  maximum moisture conten t  of the 
Fibredux 914 matrix w a s  measured as 7ZM and t h e  Hercules 3502 only 5%M, 
t h e  moisture-induced stresses i n  a Fibredux 914 matrix composite can be  
expected t o  be higher. This is  demonstrated by comparing Figures E41 and 
E42 t o  Figures E3 and E4. 
The l ong i tud ina l  tens ion  s t r e s s - s t r a i n  curves are p l o t t e d  i n  Figure 
111. As i n  t he  o t h e r  t h r e e  composite sys t ems ,  matrix o r  environment had 
l i t t l e  inf luence  on t h i s  fiber-dominated property.  The corresponding 
i n t e r n a l  stress states are presented i n  Figures E43 through E47 of 
Appendix E3 of Volume 11. 
Transverse tens ion  stress-strain curves f o r  t h e  AS4/914 
m i d j r e c t i e n a l  cjmposite are p l o t t e d  i n  Figure 112. There is a moderate 
inf luence  of temperature and moisture. This is r e f l e c t e d  more v i s i b l y  i n  
t n 2  stress contour p l o t s  of Figures E48 through E52 of Appendix E3. 
AS4/914 u n i d i r e c t i o n a l  composite shea r - s t r e s s  shea r  s t r a i n  curves 
are given i n  Figure 113 f o r  a l l  f o u r  environmental conditions.  The 
composite shea r  s t r a i n  f o r  a given appl ied  shea r  stress Increases  
s i g n i f i c a n t l y  wi th  increas ingly  severe  environmental conditions.  That 
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Figure ' 11. AS4/914 Graphite/Epoxy Unidirectional 
Composite, Longitudiral Tensile Stress- 
Strain Response. 
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Figure 111 (continued). AS4/914 Graphite/Epoxy 
Unidirectional Composite, Longitudinal 
Tensile Stress-Strain Response. 
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Figure 11 L (continued). AS4/914  Graphite/Epoxy 
Unidirectional Composite, Longitudinal 
Tensile Stress-Strain Response. 
2 2 1  
2.5 
1988 2.8 
= 3 l .s V 
1.8 
1 0 0  
8.5 
0.0 8 
0 10 16 26 
SrRAIN <E*> 
d) Elevated Temperature (lOO°C), 7.0 Percent Moisture 
(Ern) 
Figure 111 (continued). AS4/914 Graphite/Epoxy 
Unidirectional Composite, Longitudinal 
Tensile Stress-Strain Response. 
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a) Room Temperature, Dry (RTD) 
Figure 112, AS4/914 Graphite/Epoxy Unidirectional 
Composite, Transverse Tensile Stress- 
Strain Response. 
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Figure 11 2 (continued). AS4/914 Graphite/Epoxy 
Unidirectional Composite, Transverse 
Tensile Stress-Strain Response. 
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Figure 112 (continued). AS4/914  Graphite/Epoxy 
Unidirectional Composite, Transverse 
Tensile Stress-Strain Response. 
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Figure 112 (continued). AS4/914 Graphite/Epoxy 
Unidirectional Composite, Transverse 
Tensile Stress-Strain Response. 
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Yigure 11 3. AS41914 GraphitelEpoxy Unidirectional 
Composite, Longitudinal Shear Stress- 
Strain Response. 
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Figure 113 (continued). AS4/914 Craphite/Epoxy 
Unidirectional Composite, Longitudinal 
Shear Stress-Strain Response. 
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c) Room Tem?erature, 7.0 Percent Bloisture (RTW) 
Figure 1 1 3  (continued). A S 4 / 9 1 4  Graphite/Epoxy 
Unidirectional Composite, Longitudinal 
Shear Stress-Strain Response. 
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Figure 113 (continued). AS4/914  Graphite/Epoxy 
Unidirectional Composite, Longitudinal 
Shear Stress-Strain Response. 
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is, the  curves become inc reas ing ly  nonlinear.  The Fibredux 914 matrix 
e x h i b i t s  a g r e a t e r  s e n s i t i v i t y  t o  hygrothermal exposure than does t h e  
Hercules 3502 matrix, as a c a r e f u l  comparison of Figures 64 and 67 
ind ica t e s .  The i n t e r n a l  stress states f o r  t h e  AS41914 composite 
subjec ted  t o  long i tud ina l  shea r  are given i n  Figures E53 through E39 of 
Appendix E3 of Volume 11. 
5.5 Comparisons of Predic ted  Composite Response 
Although the  f i r s t  impression may be t h a t  t h e  Hercules 3502 and t h e  
Fibredux 914 epoxies are very  similar, and t h a t  t he  two Hercules 2220 
systems are even more so, such is not  s t r i c t l y  t h e  case. A c l o s e r  
examination of Figure 68 i n d i c a t e s  t h a t  t he  Fibredux 914 e x h i b i t s  a 
higher room temperature, d ry  t e n s i l e  modulus than t h e  Hercules 3502. 
However, i t  does not r e t a i n  t h i s  s t i f f n e s s  as w e l l  wi th  inc reas ing  
temperature and, p a r t i c u l a r l y ,  moisture. Also, t he  c o e f f i c i e n t  of 
thermal expansioki of t h e  d ry  Herc-Ales 3502 is 3.ower. The Hercules 2220-1 
and 2220-3 t e n s i l e  p r o p e r t i e s  are very similar, but  t h e  shea r  s t i f f n e s s  
of the  latter s y s t e m  is s l i g h t l y  lower under a l l  environmental 
conditions.  This can be seen  by comparing Figures 65b and 66b or Figures 
70b and 70c, o r  71b and 71c. Most s i g n i f i c a n t ,  however, is the  high 
c o e f f i c i e n t  of moisture expansion of t h e  2220-3 matrix. The moisture 
expansion c o e f f i c i e n t  of t h e  2220-1 sys tem w a s  about 25 percent  lower, 
and that of t h e  2220-3 system about 25 percent  h igher ,  than the average 
of t he  o the r  two materials. 
The 2220-3 sys t em a l s o  absorbed s l i g h t l y  more moisture than t h e  
2220-1 s y s t e m ,  4.0 weight percent versus  3.8 weight percent. The fact 
t h a t  the  2220-3 sys tem exhib i ted  a roughly 60 percent higher moisture 
expansion c o e f f i c i e n t  than the  2220-1 s y s t e m  suggests s i g n i f i c a n t l y  
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larger influences of moisture in composite incorporating the 2220-3 
system. Such a large difference in moiacure expansion was not expected 
and it is strongly suggested that additional moisture expansion 
experiments be conducted before any final conclusions are drawn. Once 
some composites data become available, it will be possible to further 
establish the significance of this difference. 
In view of these summary observattons of the matrix material 
stiffness properties relative to each other, it is of interest to 
consider how these differences translate into predicted unidirectional 
composite properties. Table 6 presents a summary of tne predicted 
composite stiffnecs properties for the various environmental conditions 
considered. These data correspond to those contained in the previously 
discussed Figures 87 through 113. 
As can be seen in Table 6 ,  and as expected, the axial modulus of 
the composite is affected very little by the differences in the four 
mctrix materials. The predicted differences would be lost in the normal 
scatter of experimentally measured results. Even analytically, the 
influence of matrix tensile modulus alone does not dominate the 
prediction. For example, the Fibredux 914 matrix exhibited the highest 
tensile modulus at the RTD condition (see Figure 1, 10 or 6 8 ) .  Yet both 
the Hercules 3502 and 2220-1 systems resulted in slightly higher 
predicted composite stiffnesses. That is, other parameters such as the 
matrix Poisson's ratio and coefficient of therma.1 expansion (which 
influences the magnitude of the curing-induced residual stresses, also 
influences the composite axial stiffness. 
The composite transverse modulus, bel-ig a matrix-domi;r;lted 
property, is more sensitive to differences between the matrix materials. 
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Table 6 
Summary of Predicted Stiffness Properties of Various 
AS4 Graphite Fiber-Reinforced Unidirectional Composites 
(Fiber Volume = 60 Percent) 
Matrix Material 
and Environment 
Axial Transverse Shear 
Modulus Modulus Modulus 
5 1  E22 G12* %2** 
3502 -
RT, Dry 20.61 1.39 0.79 0.70 
lOO"C, Dry 20.58 1.33 0.72 0.63 
RT, Wet (5.0% M) 20.59 1.41 0.70 0.58 
100°C, Wet (5.0% M) 20.55 1.34 0.63 0.50 
2220-1 
RT, Dry 20.61 1.38 0.78 0.65 
100°C, Dry 20.56 1.28 0.67 0.54 
RT, Wet (3.8% M) 20.58 1.38 0.70 0.59 
100°C, Wet (3.8% M) 20.52 1.22 0.55 0.47 
1.27 
223-3 
RT, Dry 20.56 
100°C, Dry 20.53 1.19 
RT, Wet (4.0% M) 20.56 1.42 
lOO"C, Wet (4.0% M) 20.50 1.18 
1.32 20.58 
914 -
RT, Dry 
100°C, Dry 20.55 1.24 
RT, Wet (7.0% M) 20.57 1.35 
100°C, Wet (7.0% M) 20.51 1.19 
0.67 0.60 
0.59 0.49 
0.64 0.59 
0.52 0.41 
0.71 0.65 
0.64 0.60 
0.69 0.65 
0.54 0.48 
*Initial Shear Modulus 
**Secant Shear Modulus at 1.0 Percent Shear Strain 
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However, as ind ica t ed  i n  Table 6,  t h e  d i f f e rences  i n  the  four  mcitrix 
materials considered he re  were no t  g r e a t  enough t o  cause major 
d i f f e rences .  While t h e  p re l i czed  d i f f e rences  are g r e a t  enouqh that they 
could probably be de t ec t ed  experimentally,  they are not s i g n i f i c a n t  i n  
the  design sense. Again, however, ;he pred ic ted  t rends  are i n t e r e s t i n g ,  
as an  i n d i c a t o r  of what matrix p r o p e r t i e s  can con t ro l .  For example, even 
though the  two  Hercules 2220 sys t ems  exh ib i t ed  very similar s t i f f n e s s  
p rope r t i e s ,  t he  pred ic ted  composite t r ansve r se  s t i f f n e s s  p r o p e r t i e s  are 
almost 10 percent d i f f e r e n t  i n  the  dry  condi t ion ,  bu t  l i t t l e  d i f f e r e n t  
i n  the  w e t  condition. Having a d e t a i l e d  micromechanics a n a l y s i s  
a v a i l a b l e ,  t h e  reasons can r e a d i l y  be determined. 
The predic ted  composite shea r  moduli va r i ed  somewhat more from 
matrix to  matrix than the  composite t r ansve r se  moduli, about 20 percent.  
These are s i g n i f i c a n t  d i f f e r e n c e s  i n  themselves, and aga in  are 
i n t e r e s t i n g  a l s o  i n  t h e  sense t h a t  the  composite shea r  p rope r t i e s  do not  
follow d i r e c t l y  from the  matrix shea r  p rope r t i e s .  
Having the predic ted  micromechanical stress state p l o t s  f o r  
g raph i t e  f iber - re inforced  composites incorpora t ing  a l l  fou r  matrix 
systems, i t  is poss ib l e  t o  make many o the r  comparisons between the  
s y s t e m  a l so .  These comparisons can be  based on axial and t ransverse  
tensile and long i tud ina l  shea r  loadings a t  fou r  d i f f e r e n t  environmental 
condi t ions .  Since the  p r e d i c t i v e  a n a l y s i s  technique is r e l a t i v e l y  new, 
i t  is important t o  make c o r r e l a t i o n s  with experimental  da t a  f o r  
v e r i f i c a t i o n  purposes. This is p a r t i c u l a r l y  t r u e  f o r  s t r e n g t h  
p red ic t ions ,  s ince  no one f a i l u r e  c r i t e r i o n  is  un ive r sa l ly  accepted. 
Hopefully t h i s  c o r r e l a t i o n  work can be performed during the  next year of 
t h i s  study. I n  the  meantime, many q u a l i t a t i v e  comments can be made. 
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The fundamental ques t ion  which immediately comes t o  mind, of 
course,  is  "which matrix sys tem is  t h e  best?" Unfortunately, "best" has  
many d e f i n i t i o n s .  It depends upon t h e  working environment and a l s o  the 
loading mode. F a i l u r e  can take  many forms, from microcracking and minor 
s t i f f n e s s  reduct ions  t o  complete f r ac tu re .  Some gene ra l  comments can be 
made, however. 
5.5.1 Hygrothermal Residual S t r e s s e s  
Composite response dur ing  subsequent mechanical loading, 
p a r t i c u l a r l y  s t r e n g t h  p r o p e r t i e s ,  can be s t rong ly  inf luenced  by 
pre-existing i n t e r n a l  stress states induced by excursions from t h e  cu re  
temperature and moisture absorption. Since a temperature decrease causes 
matrix con t r ac t ion  and moisture absorp t ion  causes matrix expansion, 
these  two environmental i n f luences  tend t o  have opposing in f luences  on 
the  composite. The problem is  g r e a t l y  complicated by the  f a c t  that a 
g raph i t e  f i b e r  t y p i c a l l y  expands i n  i ts axial  d i r e c t i o n  during cooldown 
and c o n t r a c t s  i n  the  t r ansve r se  d i r e c t i o n  ( see  Table 5 ) ,  although a t  a 
lesser rate than t h e  mat r ix  material. But t h e  f i b e r  is not  s e n s i t i v e  t o  
moisture. Also, t he  g raph i t e  f i b e r  is a n i s o t r o p i c  i n  its s t i f f n e s s  
p r o p e r t i e s  (Table 5 ) .  Thus, t h e  i n t e r a c t i o n  between f i b e r  and mat r ix  is 
complex. Fortunately,  the  f i n i t e  element micromechanics a n a l y s i s  and 
a s soc ia t ed  computer program is capable of modeling these  many 
i n t e r a c t i n g  in f luences  both accu ra t e ly  and e f f i c i e n t l y .  
Representative r e s u l t s  f o r  a l l  fou r  u n i d i r e c t i o n a l  composite 
systems f o r  a l l  four  environmental condi t ions  a r e  given i n  Table 7. 
These va lues  were taken d i r e c t l y  from the  p l o t s  of Sec t ion  5.3 f o r  the 
Hercules 2220-1 matrix and Appendix E of Volume I1 f o r  t h e  o t h e r  t h r e e  
systems. The i n t e r e s t e d  reader can go back t o  these  many p l o t s  t o  ob ta in  
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Table 7 
P r e f i c t e d  Pre-Existing Hygrothermal S t r e s s  S t a t e s  i n  Various AS4 
Graphi te  Fiber-Reinforced Unid i rec t iona l  Composites (Fiber  Volume=60 
Percent;  S t r e s s e s  i n  k s i )  
S t r e s s  Component Matrix Material 
(Highest Value Occurrinp) 3502 2220-1 2220-3 914 
Room Temperature (21°C),Dry,(RTD) 
Octahedral Shear S t r e s s ,  fo 5.27 
Maximum P r i n c i p a l  Stress, al 8.78 
Minimrmr P r i n c i p a l  S t r e s s ,  a2 -5.14 
6.84 
-5.23 
Intermediate  P r i n c i p a l  S t r e s s ,  
I n t e r f a c e  Norm81 S t r e s s  O 3  'n 
Elevated Temperature (lOO°C),Dry,(ETD) 
Octahedral Shear S t r e s s ,  T~ 3.22 
Maximum P r i n c i p a l  S t r e s s ,  o1 5.31 
Minimum P r i n c i p a l  S t r e s s ,  u2 -3.23 
4.29 
-3.30 
Intermediate  P r i n c i p a l  S t r e s s ,  
I n t e r f a c e  Normal S t r e s s ,  fl O 3  n 
Room Temperature (21°C),Wet, (Em) 
Octahedral Shear S t r e s s ,  f0 1.54 
Maximum F r i n c i p a l  S t r e s s ,  al 1.92 
Minimum P r i n c i p a l  S t r e s s ,  a2 -2.37 
Intermediate  P r i n c i p a l  S t r e s s ,  c3 -1.40 
1.96 I n t e r f a c e  Normal S t r e s s  ' ull 
Elevated Temperature (lOO"C),Wet,(ETW) 
Octahedral Shear Stress, T~ 3.14 
4.03 
-4.97 
Maximum P r i n c i p a l  S t r e s s  
O~ -4.69 
Minimum P r i n c i p a l  S t r e s s  
Intermediate P r i n c i p a l  S t r e s s ,  
I n t e r f a c e  Normal Stress, a 4 . i3  
' 5 
' "2 
n 
5.13 
8.73 
-5.17 
6.88 
-5.24 
2.69 
4.70 
-2.81 
3.78 
-2.85 
1.22 
2.69 
-0.97 
-1.40 
-0.96 
1.12 
1.50 
-1.55 
-1.09 
1.54 
3.29 
5.49 
-3.31 
4.10 
-3.34 
1.32 
2.25 
-1.34 
1.63 
-1.35 
3.03 
3.95 
-4.74 
-4.15 
4.11 
4.44 
6.05 
-7.95 
-7.52 
6.48 
8.24 
14.18 
-8.96 
11.85 
-9.14 
4.64 
8.49 
-5.31 
7.20 
-5.45 
1.36 
1.28 
-2.01 
-1.20 
1.39 
4.71 
4.57 
-5.91 
-5.54 
5.06 
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add i t iona l  information, i f  required.  A l l  va lues  given i n  Table 7 are i n  
u n i t s  of k s i  thereby permi t t ing  d i r e c t  comparison since the  
corresponding p l o t s  are i n  the  same u n i t s .  
Considering f i r s t  t h e  room temperature, dry (RTD) condi t ion ,  it can 
be seen t h a t  t he  AS4/914 composite exhib i ted  t h e  h ighes t  i n t e r n a l  
stresses i n  t h e  matrix. The Fibredwc 914 exh ib i t ed  the  h ighes t  s t i f f n e s s  
(see Figure 68 and a c o e f f i c i e n t  of thermal expansion comparable t o  the  
two 2220 systems. Both 2220 systems are of lower s t i f f n e s s .  The 3502 
sys t em exhib i ted  a very low c o e f f i c i e n t  of thermal expansion (see Table 
3 of Section 3) ,  although i t  had a s t i f f n e s s  comparable t o  the  914 
system. Thus, i t  is not unexpected t h a t  t h e  AS4/914 composite is 
predic ted  t o  have the  h ighes t  i n t e r n a l  stresses i n  the  matrix. 
The r e l a t i v e  stress magnitudes among t h e  composites l i s t e d  i n  Table 
7 is s i g n i f i c a n t .  For example, t he  stresses i n  the  AS4/914 composite are 
from 60 t o  75 percent higher than the  corresponding components i n  the  
base l ine  AS4/3502 sys tem.  Also, the  stresses i n  the  AS4/2220-1 composite 
are higher than i n  t h e  AS4/2220-3 composite. Although these  two mat r ix  
systems are similar, the  2220-1 sys tem has a s l i g h t l y  higher c o e f f i c i e n t  
of thermal expansion even though i ts  s t i f f n e s s  is s l i g h t l y  lower. 
Considering the r e l a t i v e l y  low measured s t r e n g t h s  of a l l  fou r  
mat r ix  materials (see Figures 72 and 74 f o r  summary p l o t s ) ,  t hese  
stresses are s i g n i f i c a n t .  I n  some cases, notably f o r  the  914 matrix,  t he  
pred ic ted  p r i n c i p a l  stresses are a c t u a l l y  h igher  than the  measured 
s t r eng th .  This sugges ts  t h a t  mat r ix  microcracking may occur i n  the  
composite during cooldown from the  177°C cu re  temperature. Not t h a t  
microcracking would na t  occur a t  the fiber-matrix i n t e r f a c e  s i n c e  the  
h ighes t  normal stress is compressive a t  t h i s  loca t ion .  The f a c t  t h a t  t he  
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thermally induced stress is compressive is favorable  t o  any subsequent 
t e n s i l e  t r ansve r se  loading and unfavorable t o  a compressive t r ansve r se  
loading, as subsequent d i scuss ion  w i l l  emphasize. 
Where the h ighes t  stresses occur is a l s o  s i g n i f i c a n t .  For example, 
a t  the  RTD condi t ion ,  t he  oc tahedra l  shea r  stress is maximum i n  t h e  
matrix midway between c l o s e s t  f i b e r  spacings,  i.e., along t h e  x and y 
are 3 axes. However, t h e  two t e n s i l e  p r i n c i p a l  stresses, Q anda  
maximum a t  t h e  fiber-matrix i n t e r f a c e ,  a t  approximately 45' t o  t he  x and 
y axes. Subsequent moisture or mechanical load*ngs may inc rease  t h e  
stresses i n  o t h e r  l oca t ions  more rap id ly ,  thus s h i f t i n g  the  l o c a t i o n  of 
f i r s  t f a i l u r e .  
Referring t o  the  ETD r e s u l t s ,  i t  w i l l  be noted tha t  although the  
l0O'C temperature is approximately halfway between t h e  c u r e  temperature 
(177OC) and room temperature (2loC), t h e  thermally induced stresses are 
not  half  as high. Due t o  t h e  combination of temperature-dependent 
thermal expansion and s t J L f n e s s  p rope r t i e s ,  t he  stresses i n  the 
AS4/2220-3 composite are only 40 percent  as high as the  room temperature 
va lues ,  while those i n  the  AS4/914 composite are 60 percent as high. 
The room temperature, w e t  (RTW) stresses r e f l e c t  t he  s t r o n g  
inf luence  of matr ix  moisture expansion c o e f f i c i e n t  and, t o  a lesser 
ex ten t ,  the  in f luence  of moisture absorp t ion  on matrix modulus. For 
example, the  Hercules 2220-1 mat r ix  exhib i ted  t h e  lowest moisture 
expansion c o e f f i c i e n t  of t h e  fou r  materials and t h e  2220-3 mat r ix  the  
h ighes t  va lue  (see Table 4 of Sec t ion  3). In fact ,  t he  2220-1 va lue  was 
60 percent lower. The moisture expansion c o e f f i c i e n t s  of t he  o the r  two 
matrix materials were almost exac t ly  in between the  va lues  f o r  t he  two 
2220 systems. These mat r ix  property d i f f e rences  a r e  r e f l e c t e d  i n  the  
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predic ted  Composite p r o p e r t i e s  f o r  t he  RTW condi t ion  i r  Table 7. The 
AS4/2220-3 composite stresses, which were lower than t h e  AS4/2220-1 
composire stresses i n  t h e  RTD condi t ion ,  are h igher  i n  the RTW 
condition. This i nd ica t ec  t h e  dominant in f luence  05 t he  high moisture 
expansion c o e f f i c i e n t .  While t h i s  can be seen  by comparing any one of 
t he  stress components, i t  is p a r t i c u l a r l y  dramatic when comparing 
i n t e r f a c e  normal stresses. The i n t e r f a c e  normal stress i n  t h e  AS4/2220-1 
composite is  reduced t o  almost zero, bu t  t h a t  i n  t h e  AS4/2220-3 
composite is now l a r g e r  than i t  w a s  p r i o r  t o  the  moisture absorption. 
Additionally,  i t  has  the  oppos i te  s i g n ,  i.e., i t  is now a tensile 
stress. A s  previously noted, t h i s  has  major impl ica t ions  i n  terms of 
subsequent mechanical loadings being t e n s i l e  o r  compressive and when 
f a i l u r e  w i l l  occur. 
A t  t he  e l eva ted  temperature, w e t  (Em) condi t ion ,  t h e  inf luence  of 
t he  d i f f e rence  i n  moisture expansion c o e f f i c i e n t s  is even more 
pronounced s i n c e  the  o f f s e t t i n g  in f luence  of thermally induced stresses 
is less. This is a l s o  ind ica t ed  i n  Table 7. J.t w i l l  be noted, f o r  
example, t h a t  the  AS4/2220-3 composite e x h i b i t s  t he  h i ekes t  matrix 
stresses i n  the  ETW condition, whi le  t he  AS4/914 composite e x h i b i t s  the  
h ighes t  matrix stresses i n  the  RTD condition. The AS4/2220-3 composite 
e x h i b i t s  the lowest stresses f o r  t h i s  condition. 
The above simple comparisons make i t  obvious as t o  why the re  is no 
d i r e c t  answer t o  t he  ques t ion ,  "which matrix is the  best?" Thr 
environmental s e r v i c e  condi t ions ,  as well as the  mechaliical loading, 
must  be s p e c i f i e d  before an answer can be given. Nevertheless,  t h e  
present  d i scuss ion  c l e a r l y  ind ica t e s  t h a t  the a n a l y t i c a l  t oo l s  are now 
a v a i l a b l e  ( i n  the  form of t h e  f i n i t e  element micromechanics ana lys i s )  t o  
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address the  quest ion.  
5.5.2 Mechanical Loadings 
Depending on the  environmental condi t ions  under which the 
mechanical t e s t i n g  is to  be  conducted, any of t he  pre-exis t ing stress 
states discussed i n  Sec t ion  5.5.1 cAn  be  present .  That is, the  stress, s 
induced by axial ,  t ransverse ,  o r  s h e a r  loadings are added to these 
hygrothermal stress states. But superpos i t ion  does not  apply since the  
matrix s t r e s s - s t r a i n  response is  not  l i nea r .  Fortunately,  the a n a l y s i s  
handles these nonl inear  i n t e r a c t i o n s  d i r e c t l y .  The following b r i e f  
d i scuss ion  w i l l  address  genera l  observat ions and rrLnds.  Once a c t u a l  
experimental  da ta  f o r  these  composite systems become ava i l ab le ,  an 
in-depth d iscuss ion  w i l l  be  more meaningful. 
5.5.2.1 Longi tudinal  Tens i le  Loading 
I n  the absence 0 2  composite material experimental  da t a ,  
longi tudina l  t e n s i l e  loa4ing can be dismissed r a t h e r  quickly.  The 
composite response is fiber-dominated. mile the  matrix p lays  an 
important r o l e  i n  t r a n s f e r r i n g  loads l o c a l l y  ac ross  broker. f i b e r s ,  i t s  
f a i l u r e  does not normally d i c t a t e  gross  f a i l u r e .  There are d i .  .erences 
i n  predicted i n t e r n a l  stress s ta tes ,  however, f o r  d i f f e r e n t  mst r ix  
materials, as shown i n  Table 8.  I t  w i l l  be noted t h a t  the mat r ix  
stresses are low r e h t i v e  t o  the  2.20 (;Pa (320 k s i )  appl ied  stress. 
However, as previously discussed,  the  matrix s t r e n g t h s  are a l s o  
r e l a t i v e l y  low. Since the  induced stresses due t o  a x i a l  loading are not  
very g r e a t ,  t he  comments made i n  the  previous Sect ion 5.5.1 r e l a t i v e  t o  
the hygrothermally induced stresses s t i l l  apply. 
5 . 5 . 2 . 2  Transverse Tens i le  Loading 
Since trarlsverse normal loading of a un id i r ec t ionas  Lmpos i t e  is 
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Table 8 
Predicted Matrix S t r e s s e s  i n  Various AS4 Graphite Fiber-Reinforced 
Unidirectional Composites Subjected t o  320 k s i  Longitudinal Tension 
(Fiber Volume = 60 Percent;  S t r e s s e s  i n  ksi) 
S t r e s s  Component Matrix Material 
(Highest Value Occurring) 3502 2220-1 2220-3 
P.oom Tempere+**-e (21OC) ,Dry, (RTD) 
Octahedra, :ar S t r e s s ,  T, 8.44 7.62 6.46 
18.57 17.14 14.19 
-6.17 -6.17 -4.32 
8.01 7.67 5.42 
U 
3 Maxinnuo Pr inc ipa l  S t  r e s ,  Minimem Pr inc ipa l  S t r e s s ,  
Intermediate Pr inc ipa l  S t r e s s , a  
In t e r f ace  Normal S t r e s s ,  OF -6.29 -6.29 -4.37 
Elevated Temperature (100OC) ,Dry, (ETD) 
Octahedral Shear Stress, T 6.33 5.66 4.45 
14.57 12.61 10.29 Maximum Pr inc ipa l  S t r e s s ,  o1 
Minimum Principal  S t r e s s ,  o2 -4.39 -4.61 -2.27 
Intermediate P r inc ipa l  S t r e s s ,  u 5.63 4.95 2.90 
In t e r f ace  Normal S t r e s s ,  (7n -4.47 -4.00 -2.29 
0 
Room Temperature (2I0C),Wet, (RTW) - 
Octahedral Shear S t r e s s .  T 4.40 5.47 7.17 
Maximum Principal  Stress, % 9.29 12.25 4.31 
Intermediate P r inc ipa l  S t r e s s ,  J -0.13 3.39 1.79 
Tnterface Kormal S t r e s s ,  0 0.39 -2.75 1.85 
Minimum Pr inc ipa l  S t r e s s ,  2 -0.15 -2.69 -2.21 
n 
Elevated Temperature (lOO°C),Wet,(ETW) 
Octahedral Shear S t r e s s ,  T 3.38 3.22 3.43 
6.10 6.82 4.23 Maximum Pr inc ipa l  S t r e s s ,  
Minimum Principal  S t r e s s ,  
Intermediate Pr inc ipa l  S t r e s s ,  Q 2.37 0.13 3.32 
In t e r f ace  Normal S t r e s s ,  on 2.42 0.39 4.52 
0 
3 -2.95 -0.24 -5.53 
914 
10.21 
22.27 
-9.71 
12.50 
-9.95 
7.80 
16.70 
-6.61 
8.51 
-6.76 
4.54 
9.88 
-0.73 
0.81 
-0.39 
3.53 
3.75 
-4.50 
2.67 
3.78 
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matrix dominated, the stresses induced in the matrix are a strong 
function of environmental preconditioning and matrix properties. The 
internal stress state in the matrix for a 27.6 MPa (4 ksi) applied 
transverse tensile stress loading is summarized in Table 9. Because this 
is a relatively low applied stress, it will be noted that the 
thermally-induced stresses continue to dominate the RTD and ETD data. 
The stresses are not drastically different between Table 9 and Table 7. 
This is not true of the moisture preconditioning results. Both the 
RTW and ETW conditions result in significant increases in the matrix 
internal stresses when subjected t o  4 ksi transverse tension. For 
example, the RTW maximi principal stresses are increased by a factor of 
roughly two f - r  the 2220 systems, a factor of almost four for the 
baseline 3502 system, and a factor of over rive for the Fibredux 914 
system. That is, the hygrothermal-mechanical loading interaction is not 
the same for all four matrix materials, primarily because of the 
influence of moisture on matrix stiffness. For example, the actual 
increase in maximum principal stress for the AS4/22261 composite is 
only 2.6 ksi due to the 4 ksi apFlied stress, while the increase is 5.3 
ksi for the AS4/914 composite. 
Similar comparisons can be made for the interface normal stress, 
another quantity of practical interest since composites often fail due 
to fiber-matrix debonding. For the RTW condition, the interface normal 
stress increases by about 5 . 5  ksi due t o  a 4 ksi applied stress for all 
but the Hercules 2220-1 systep. for which it only increases by 3.7 ksi. 
Quite different response will be noted at the ETW condition. The 
maximum principal. stress increases by about 6 ksi due to a 4 ksi applied 
stress for all four matrix materials, and the interface normal stress 
Table 9 
Predicted Matrix S t r e s s e s  i n  Various AS4 Graphite Fiber-Reinforced 
Unidirectional Composites Subjected to  4 k s i  Transverse Tension 
(Fiber Volume = 60 Percent; S t r e s s e s  i n  k s i )  
S t r e s s  Component Matrix Material 
(Highest Value Occurring ) 3502 2220-1 2220-3 914 
Room Temperature (21°C),Dry,(RTD) 
Octahedral Shear S t r e s s ,  T 6.02 5.79 4.04 8.85 
Haximum Pr inc ipa l  S t r e s s ,  Ou1 10.31 10.25 7.14 15.48 
Intermediate P r inc ipa l  Stres.$, 9.18 9.17 6.28 13.95 
-6.19 0-6.2 -4.42 -10.15 In t e r f ace  Normal S t r e s s ,  0 
Minimum Pr inc ipa l  S t r e s s ,  U2 -6.12 -6.15 -4.42 -9.99 
O 3  
n 
Elevated Temperature (1OOOC) ,Dry, (LTD) 
Octahedral Shear S t r e s s ,  T~ 4.03 3.48 2.07 5.43 
Maximum Pr inc ipa l  S t r e s s ,  o1 6.95 6.35 4.87 9.85 
-4.3 -3.92 4.04 -6.44 
6 35 5.94 4.56 9.04 
Minimum Pr inc ipa l  S t r e s s ,  u 
Intermediate Pr inc ipa l  S t r e s s , u  
In t e r f ace  Normal S t r e s s ,  u -4.33 -3.93 -3.00 -6.55 
2 
n 
Room Temperature (2l0C),Wet,(RTW) 
Octahedral Shear S t r e s s ,  T~ 2.67 2.10 3.99 2.63 
Maximum Pr inc ipa l  S t r e s s ,  D l  7.41 5.30 9.57 6.79 
Minimum Pr inc ipa l  S t r e s s ,  (T -1.45 -2.29 -3.25 -1.48 
4.73 3.15 2.40 Intermediate P r inc ipa l  S t r e s s ,  (T 3.50 
In t e r f ace  Normal S t r e s s ,  u 7.52 4.61 9.91 6.78 
2 
n 
Elevated Temperature (100OC) ,Wet, (ETW) 
Octahedral Shear S t r e s s ,  T~ 4.59 2.42 4.53 6.07 
-3.71 -1.31 -6.46 -5.14 
-3.51 3.48 -5.91 -4.90 
Minimum Pr inc ipa l  S t r e s s ,  a 
Intermediate Pr inc ipa l  S t r e s s ,  
Maximum Pr inc ipa l  S t r e s s ,  ai 9.72 7.44 11.86 10.95 
2 
In te r face  Normal S t r e s s ,  (T G3 9.00 7.55 12.71 11.00 n 
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also increases  by about 6 k s i ,  except f o r  the  3502 system which is 
s l i g h t l y  lower (an inc rease  of only 4.9 k s i ) .  While the re  w a s  a l a r g e  
inf luence  of matrix on hygrothermal stresses (Table 7), l i t t l e  Inf luence  
of matrix on subsequent t ransverse  tensi le  loading w a s  observed. 
The conclusion is t h a t  hygrothenually-induced stresses, and 
p a r t i c u l a r  those induced by moisture,  are dominant in f luences  on 
t ransverse  t e n s i l e  response and cannot be  neglected.  A t  f a i l u r e  (assume, 
f o r  example, an 8 k s i  t ransverse  t e n s i l e  s t r e n g t h  of t h e  composite), 
these  hygrothermal stresses are p red ic t ed  t o  con t r ibu te  approximately 
one-third of t h e  stress state. That is, neglec t ing  hygrothermal stresses 
would r e s u l t  i n  pred ic ted  t ransverse  t e n s i l e  f a i l u r e  approximately 
one-third :so 1~s. 
Of course,  i n  t ransverse  compression the  pred ic ted  r e s u l t s  could be 
q u i t e  d i f f e r e n t ,  because the  compressive loading induces l o c a l  stresses 
of opposi te  s ign .  Thus, the  p r e e x i s t i n g  hygrothermal stresses could be 
favorable.  
5.5.2.3 Longitudinal Shear Loading 
A summary of the  pred ic ted  i n t e r n a l  stress states i n  the  matrix due 
t o  an appl ied  longi tudina l  shear  stress of 27.6 MPa (4 ksi) is presented 
i n  Table 10. Because the  appl ied  shea r  stress pr imar i ly  induces l o c a l  
shear  stresses, while  t he  hygrothermal and transverse t e n s i l e  loadings 
pr imari ly  induce l o c a l  normal stresses, the  t rends ind ica t ed  i n  Table 10 
are q u i t e  d i f f e r e n t  than those of Tnblc 7 or 9. 
For example, because r e l a t i v e l y  l i t t l e  d i l a t a t i o n  is assoc ia ted  
wi th  longi tudina l  shear  loading of a composite (even when e l a s t o p l a s t i c  
response occurs) ,  the  i n t e r f a c e  normal stresses are not  g r e a t l y  
a f fec ted .  The i n t e r f a c e  shear  stresses are tabulated i n  Table 10, r a t h e r  
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Table 10 
Predicted Matrix S t r e s s e s  i n  Various AS4 Graphite Fiber-Reinforced 
Unidirectional Composites Subjected tc  4 k s i  Longitudinal Shear 
(Fiber Volume = 60 Percent; S t r e s ses  i. isi: 
S t r e s s  Component Matrix Material 
(Highest Value Occurring) 3502 2220-1 2220-3 914 
Room Temperature (21OC) ,Dry, (RTD) 
Octahedral Shear S t r e s s ,  T~ 7.43 7.07 6.37 9.57 
10.42 10.32 7.93 15.30 3 -8.35 -8.41 -7.49 -11.32 Maximum Pr inc ipa l  S t r e s s ,  
5.54 6.44 3.94 11.30 ‘2 
Minimum Pr inc ipa l  S t r e s s ,  
Intermediate Pr inc ipa l  S t r e s s , o  
I n t e r f a c t  Shear S t r e s s ,  T 6.87 6.75 6.91 7.41 n t  
Elevated Temperature ( lOO°C) ,Dry , ( tTD)  
6.35 5.82 5.34 7.46 
7.72 7.24 6.51 10.13 
Octahedral Shear Stress, 1 
-7.51 -7.26 -6.54 -9.20 
Maximum Principal  Stress, 
Minimum Pr inc ipa l  S t r e s s ,  o2 
Intermediate P r inc ipa l  S t ress ,u  4.11 3.57 1.56 6.87 
In t e r f ace  Shear S t r e s s ,  T 6.89 6.61 6.46 7.22 
0 
“1 
n t  
Room Temperature (21°C),Wet,(RTW) 
Octahedral Shear S t r e s s ,  T 5.97 5.90 6.08 5.94 
8.02 7.66 8.57 7.35 
-6.33 -6.78 -7.03 -7.18 
Maximum Pr inc ipa l  S t r e s s  
1.34 -4.48 -2.00 
Minimum Pr inc ipa l  S t r e s s ,  (I 
Intermediate P r inc ipa l  S t r e s s ,  u -2.31 
In t e r f ace  Shear S t r e s s ,  T 7.13 7.13 6.75 7.15 n t  
0 
’ O1 
2 
Elevated Temperature (lOO°C),Wet,(ETW) 
Octahedral Shear S t r e s s ,  To 5.81 6.03 5.27 7.58 
Minimum Pr inc ipa l  Strcss, (I2 -6.79 -7.51 -9.91 -8.39 
Intermediate Pr incipal  S t r e s s ,  !I -4.75 -1.50 -6.28 -5.84 
Maximum Pr inc ipa l  S t r e s s ,  f I l  8.09 7.88 30.00 9.01 
In t e r f ace  Shear S t r e s s ,  T nt 6.39 7.32 6.02 7.34 
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than interface normal stresses. As can b e  seen, these stresses are not 
strongly influenced by e i ther  matrix type or hygrothermal emrirotmwznt. 
Correspondingly, the octahedral shear stresses are higher for  a 4 k s i  
longitudinal shear loading than for  a 4 k s i  transverse t e n s i l e  loading. 
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SECTION 6 
CONCLUSIONS AND RECOMMEN1WTIONS 
6.1 Conclusions 
The Hercules epoxies,  v i z ,  3502, 2220-1, and 222+3, were more 
r e a d i l y  processed than t h e  Fibredux 914. The increased thermal expansion 
c o e f f i c i e n t  exhib i ted  by t h e  914 r e s i n  and its higher  shrinkage during 
cu re  required a modif Led processing c y c l e  t o  produce acceptable  c a s t i n g s  
(see Appendix A of Volume 11). 
The o v e r a l l  performance of t he  th ree  toughened epoxies,  i.e., 
Hercules 2220-1 and 2220-3 and Ciba-Ceigy Fibredux 914, w a s  b e t t e r  than 
t h a t  of t he  untoughened Hercules 3502 epoxy i n  terms of mechanical 
proper t ies .  The s t r e n g t h s  and s t r a i n s  t o  f a i l u r e  i n  both tension and 
shear  were higher  i n  almost a l l  cases f o r  t h e  Hercules 2220-1 and 
2220-3. The Fibredux 914, although performing b e t t e r  than t h e  Hercules 
3502, exhib i ted  much lower s t r e n g t h s  and s t -a in- to-fai lure  than t h e  
Hercules 2220 epoxy sys terns. 
The neat resin t c n s i l c  and shear d a t a  were shown t o  be mutually 
incons is ten t  i n  terms of an octahedral  s h e a r  ( d i s t o r t i o n a l  energy) y i e l d  
c r i t e r i o n .  Also, t he  i s o t r o p i c  r e l a t i o n  between t h e  e las t ic  cos t an t s ,  
i.e., C, = E/2(1 + v ) ,  was shown t o  not b e  s a t i s f i e d .  These represent  
important areas f o r  a d d i t i o n a l  study. 
The scanning e l e c t r o n  microscopy (SEM) f r a c t u r e  s-udy i d e n t i f i e d  
s u r f a c e  f e a t u r e s  c h a r a c t e r i s t i c  of epoxy n e a t  r e s i n  f a i l u r e s .  F a i l u r e  
modes were i d e n t i f i e d  both from :he SEM photographs and from observing 
f a i l u r e s  during t e s t i n g .  The Hercules 2220-1 and 2220-3 appeared t o  be 
less s e n s i t i v e  t o  specimen defects and environmental condi t ions.  
Micromechanical pred ic t ions  of composite p r o p e r t i e s  were made 
although composite experimental  d a t a  needed f o r  correlation were n o t  
ava i l ab le .  
6.2 Recommendations 
Continue work t o  develop a high s t r a i n  polymer matr ix  f o r  use i n  
graphi te  f iber-reinf orced composites. 
Determine engincering cons tan ts  and s t r e s s - s t r a i n  curves f o r  t h e  
fou r  graphitelepoyy composites to allow correlzit ion with 
micromechanics pred ic t ions .  
Perform subsequent R e a t  r e s i n  mechanical t e s t i n g  a t  higher  
temperatures (eg, 12loC), t o  allow more accura te  modeling of t h e  
behavior of these nea t  r e s i n s  near  t h e  cure  temperatures of t h e i r  
composites. 
Perform a d d i t i o n a l  c o e f f i c i e n t  of thermal expansion (CTE) and 
c o e f f i c i e n t  of moisture expansion (CME) measurements f o r  Hercules 
2220-1, 2220-3, 3502 and Ciba-Ceigy Fibredux 914 to  confirm t h e  
cur ren t  data for f u t u r e  use i n  t he  micromechanics ana lys i s .  
I n v e s t i g a t e  i n  more d e t a i l  t h e  reasons f o r  t he  d i f f e r e n c e s  i n  t h e  
t e n s i l e  and s h e a r  s t r e s s - s t r a i n  responses of neat  polymers being 
used i n  high performance composites. 
I n v e s t i g a t e  the  causes of t h e  n e a t  polymers not  s a t i s f y i n g  t h e  
i s o t r o p i c  r e l a t i o n  between s t i f f n e s s  constants .  
DeLine composite responses d e s i r e d  a t  var ious  environmental 
condi t ions;  use t h e  micromechanics a n a l y s i s  t o  p r e d i c t  f i b e r  and 
matr ix  c h a r a c t e r i s t i c s  required to achieve these  composire 
responses. 
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